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Abstract

Purpose—To investigate a novel Hadamard-encoded spectral editing scheme and evaluate its 

performance in simultaneously quantifying N-acetyl aspartate (NAA) and N-acetyl aspartyl 

glutamate (NAAG) at 3 Tesla.

Methods—Editing pulses applied according to a Hadamard encoding scheme allow the 

simultaneous acquisition of multiple metabolites. The method, called HERMES (Hadamard 

Encoding and Reconstruction of MEGA-Edited Spectroscopy), was optimized to detect NAA and 

NAAG simultaneously using density-matrix simulations and validated in phantoms at 3T. In vivo 

data were acquired in the centrum semiovale of 12 normal subjects. The NAA:NAAG 

concentration ratio was determined by modeling in vivo data using simulated basis functions. 

Simulations were also performed for potentially coedited molecules with signals within the 

detected NAA/NAAG region.

Results—Simulations and phantom experiments show excellent segregation of NAA and NAAG 

signals into the intended spectra, with minimal crosstalk. Multiplet patterns show good agreement 

between simulations and phantom and in vivo data. In vivo measurements show that the relative 

peak intensities of the NAA and NAAG spectra are consistent with a NAA:NAAG concentration 

ratio of 4.22:1 in good agreement with literature. Simulations indicate some coediting of aspartate 

and glutathione near the detected region (editing efficiency: 4.5% and 78.2%, respectively, for the 

NAAG reconstruction and 5.1% and 19.5%, respectively, for the NAA reconstruction).

Conclusion—The simultaneous and separable detection of two otherwise overlapping 

metabolites using HERMES is possible at 3T.
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INTRODUCTION

In vivo proton (1H) magnetic resonance spectroscopy allows for noninvasive quantification 

of endogenous molecules within the body but suffers from limited dispersion of signals 

along the chemical shift dimension (1). This leads to substantial spectral overlap, hampering 

the accurate quantification of certain molecules, particularly those that have lower 

concentration. One solution to this problem is to tailor the acquisition so that only signals 

from a molecule of particular interest are detected, removing overlying signals from other 

more concentrated molecules. This is often achieved by J-difference editing, which allows 

for quantification of several low-concentration molecules, including N-

acetylaspartylglutamate (NAAG) (2), gamma-aminobutyric acid (GABA) (3), lactate (4), 

glutathione (5), and 2-hydroxyglutarate (6).

One disadvantage of this tailored approach is that, in general, only one molecule can be 

targeted per scan with optimal sensitivity, limiting the number of molecules and brain 

regions that can be measured in clinical or research studies. However, some combinations of 

molecules can be edited simultaneously in a J-difference experiment. For example, 

experiments designed to edit GABA, whose detected signals appears at 3.0 ppm, usually 

also coedit glutamate and glutamine, whose detected signals appear at 3.75 ppm. This occurs 

because, in all three molecules, the detected multiplets are coupled to target resonances that 

lie within the bandwidth of the editing pulses. Another approach to detect two different 

molecules, termed Double Editing With MEscher-GArwood (DEW-MEGA) (7), can be 

applied when the two molecules to be detected have both the target and detected signals 

resolved. In this case, editing pulses can be alternately applied to each target in the ON and 

OFF scans, with the result that the two detected signals are edited with opposite phases in 

the subtraction of these two scans.

In this article, a new method is presented for acquiring multiple edited signals 

simultaneously that does not require the detected signals to be resolved from each other 

(unlike DEW-MEGA). The method, Hadamard Encoding and Reconstruction of MEGA-
Edited Spectroscopy (HERMES) is demonstrated here for dual editing, but is scalable to 

acquire more than two molecules simultaneously, provided that the resonances targeted by 

the editing pulses are resolved from each other. The main novel aspects of HERMES are: 

Hadamard-encoded combinations of editing pulse frequencies, which give a multiplexed 

experiment that simultaneously edits more than one molecule, and Hadamard 

reconstructions of the subspectra, which give separate difference spectra for each molecule. 

Compared to sequential acquisitions of individual molecules, temporal signal-to-noise ratio 

(SNR) is improved because the full acquisition duration is used to detect every molecule. As 

an example of the method, a scheme for separately detecting N-acetylaspartate (NAA), 

which reflects neuronal mitochondrial metabolism (8), and its derivative N-

acetylaspartylglutamate (NAAG), a moderator of glutamatergic neurotransmission (9), is 

presented.
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THEORY

Consider two metabolites, with coupled spin systems described as AX and BY, where the X 

and Y spins give overlapping signals in the spectrum and the A and B spins are resolved. 

Each can be separately detected using a J-difference-edited experiment, applying frequency-

selective pulses to the A or B spin, respectively, in the ON condition and not in the OFF 

condition. HERMES allows us to detect both spin systems at the same time by acquiring 

four scans with different combinations of editing pulses: (ON, ON), (ON, OFF), (OFF, ON), 

and (OFF, OFF). Thus, for each of the two spin systems, two scans are editing-ON, and two 

editing-OFF. By mapping ON to +1 and OFF to −1, this editing scheme can be represented 

as a Hadamard encoding matrix H (10), as shown in Figure 1a.

The vector M of the reconstructed spectra of each molecule is calculated from the vector N 
of the recorded spectra using the transpose of the encoding matrix, H:

[1]

where, in this example, M is of dimension 2, H is of dimension 4 × 2, and N is of dimension 

4.

In order to reconstruct the edited spectrum of each molecule, the ON scans (with respect to 

that molecule) are summed and the OFF scans (with respect to that molecule) are subtracted 

from them. Because the columns of the Hadamard matrix are orthogonal, each combination 

contains no edited signal from the other molecule.

Figure 1b also demonstrates that the fourth Hadamard combination of the four-step scheme 

can be used to edit a third molecule without increasing the scan time. For four to seven 

molecules, a total of eight scans are required with different combinations of editing pulses, 

as shown in Figure 1c. In general, for Hadamard matrices with 4n columns, up to (4n-1) 

molecules can in principle be edited. In these ideal cases, it is assumed that the target 

resonances are separated by more than the bandwidth of the editing pulses such that 

selective excitation of each is possible. By acquiring signals from multiple compounds 

simultaneously, HERMES of n species potentially gives a theoretical √n benefit in temporal 

SNR compared to sequentially acquiring spectra from each compound.

Theory: Example for Editing and Separation of NAA and NAAG

As shown in Figure 2, the aspartyl moiety of NAA makes an ABX spin system with three 

doublets of doublets at 2.49, 2.67, and 4.38 ppm (11). N-acetyl aspartyl glutamate has a 

similar structure, consisting of NAA bonded to glutamate, with aspartyl multiplets at 2.52, 

2.72, and 4.61 ppm. Because of the similarity between the structures of NAA and NAAG, it 

is difficult to distinguish between the spectra of the two molecules, particularly at lower field 

strengths (e.g., 1.5 or 3.0T). Previous efforts to differentiate them have used either model-

based fitting of conventional, nonedited spectra using the slight difference in chemical shift 

of the N-acetyl resonances (2.01 vs. 2.04 ppm), which is difficult unless extremely good 

field homogeneity/stability is achieved (12,13), or have required two separate J-difference 
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editing acquisitions, each optimized to detect one of the molecules at a time (2,14). The 

editing approach takes advantage of the chemical shift difference between their aspartyl-

alpha spins at 4.38 ppm (NAA) and 4.61 ppm (NAAG) in order to detect the aspartyl-beta 

resonances between 2.5 and 2.7 ppm. This approach works well but does require two 

separate scans (i.e., double the scan time) in order to measure both NAA and NAAG. This 

article demonstrates that is possible to edit (and distinguish between) the two molecules 

(NAA and NAAG) simultaneously within a single acquisition using the HERMES scheme.

As discussed above, four HERMES experiments are needed: A (NAA ON, NAAG ON), B 

(NAA ON, NAAG OFF), C (NAA OFF, NAAG ON), and D (NAA OFF, NAAG OFF). In 

order to generate the difference spectrum for NAA, the NAA-OFF scans are subtracted from 

the NAA-ON scans, that is, A + B − C−D. Similarly, subtracting the NAAG-OFF scans from 

the NAAG-ON scans gives the difference spectrum for NAAG, that is, A − B + C − D. Note 

that each subtraction is balanced with respect to the treatment of the other target—from the 

point-of-view of NAA, the NAAG difference combination is ON − ON + OFF − OFF. 

Therefore, no NAA signal is expected in the NAAG difference spectrum and vice versa.

METHODS

Simulations

Density-matrix simulations were performed for a B0 field strength of 3 Tesla using FID 

appliance, a MATLAB-based software package (15), with NAA and NAAG chemical shifts 

and coupling constants taken from reference 11, as shown in Figure 2. A 2,048-point free 

induction decay was simulated with 2 kHz spectral width, apodized with an 8-Hz 

exponential filter, zero-filled to 8,192 datapoints, and Fourier transformed. The excitation 

pulse was assumed to be an ideal 90-degree rotation around the x-axis. All simulations and 

experiments used single-lobe sinc-Gaussian editing pulses (16) and conventional amplitude-

modulated slice-selective refocusing pulses (17,18); only the center of the voxel was 

simulated.

Echo Time—To determine the optimal echo time (TE) for the edited signal for both NAA 

and NAAG, separate MEGA-point resolved spectroscopy (PRESS) pulse sequences were 

simulated from TE 70 ms to TE 210 ms at 5 ms increments (19). This was done with 20 ms 

editing pulses placed at 10 ppm in the OFF acquisition, and at 4.38 ppm and 4.61 ppm to 

invert the NAA and NAAG alpha-aspartyl spins, respectively, in the ON acquisitions. Bloch 

equation simulations of the inversion efficiency of the editing pulses as a function of 

frequency offset for different pulse durations were also performed in order to determine 

which editing pulse selectivity is required to ensure selective editing of NAA and NAAG in 

the HERMES acquisition.

HERMES—Based on the implementation shown in Figure 3, HERMES NAA/NAAG 

editing was simulated. Experiment A (ON, ON) was performed with 10 ms editing pulses, 

applied at 4.5 ppm, to invert both the NAA spins at 4.38 ppm and the NAAG spins at 4.61 

ppm. Experiments B (ON, OFF) and C (OFF, ON) were performed with more selective 45 

ms editing pulses, applied at 4.38 ppm to invert the NAA spins and at 4.62 ppm to invert the 

NAAG spins, respectively. The editing pulse to invert the NAAG spins were placed slightly 
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off-resonance at 4.62 ppm as opposed to 4.61 ppm to reduce the inversion of the nearby 

NAA spins at 4.38 ppm. To further suppress residual NAA signal in the NAAG spectrum 

(because NAA is several times more abundant than NAAG), Experiment D was performed 

with 45 ms editing pulses placed at 4.14 ppm such that pulses in C and D are symmetrical 

about NAA at 4.38 ppm (2,20). From these simulations, the NAA-edited spectrum was 

generated from the combination (A + B − C − D) and the NAAG-edited spectrum from the 

(A − B + C − D). Experiments were simulated for the NAA and NAAG spin systems 

independently, and NAA-edited and NAAG-edited combination spectra were calculated for 

each (according to the table in Fig. 3); only peaks at ~2.6 ppm were plotted.

Unwanted crosstalk (e.g., NAA signal in the NAAG spectrum) was quantified using a root-

mean-squared (RMS) approach because the phase of such signals is variable. Crosstalk RMS 

values are expressed as a percentage of the signal in the intended reconstructed spectra for 

the same molecule. The NAA crosstalk into the NAAG spectrum was also calculated for an 

acquisition, with the editing pulse in experiment D placed at 10 ppm (the true-OFF-OFF 

case).

To determine the possibility of coediting other molecules in the NAA- and NAAG-edited 

spectra, other brain metabolites with target spins in the range 5.5 ppm to 3.5 ppm (the full 

inversion range of the least selective editing pulse) and with coupled spins in proximity of 

the detected NAA and NAAG peaks at 2.6 ppm, were simulated in the same way. The NAA 

and NAAG reconstructed spectra for these metabolites (glutamate, glutamine, glutathione, 

and aspartate) were then plotted assuming equimolar concentrations. The fractional editing 

of the most highly coedited metabolites in the HERMES experiment were calculated relative 

to the edited signal achieved in a MEGA-PRESS experiment, with ON pulses applied on-

resonance for each particular metabolite.

Phantom Experiments—HERMES experiments were performed using two separate 100 

mL spherical phantoms, one containing NAA (10 mM, pH 7.2) and one containing NAAG 

(10 mM, pH 7.2), on a Philips Achieva 3T scanner (Philips Healthcare, Best, The 

Netherlands) using an eight-channel phased-array knee coil for receive. The body coil (B1 = 

13.5 μT) was used for transmitting radiofrequency pulses.

Scan parameters were the same as the simulations above, with repetition time (TR) of 2.2 s, 

TE of 150 ms, chemical shift selective (CHESS) water suppression with a 2.4 × 2.4 × 2.4 

cm3 voxel, and 16 averages. Spectra were line-broadened using a 6.5-Hz exponential filter 

and reconstructed to generate NAA- and NAAG-edited spectra for each phantom (Eq. [1]), 

including crosstalk reconstructions (the NAAG-edited spectrum for the NAA phantom) and 

vice versa, were also calculated to estimate the amount of coediting of the unwanted signals. 

Percentage crosstalk values for both NAA and NAAG were calculated as in the simulations.

In Vivo Experiments—HERMES experiments were performed as in the simulations in 12 

healthy adults (3 male, 9 female; age 28 ± 6 years) in a 5 × 3 × 3 cm3 voxel in the right 

centrum semiovale on a Philips Achieva 3T scanner (Philips Healthcare, Best, The 

Netherlands), using the body coil for transmit and a 32-channel phased-array head coil for 

receive. Other scan parameters were VAPOR water suppression (21), 384 averages, TR 2.2 
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s, TE 150 ms, and a total scan time of 15 minutes. Prospective frequency correction for field 

drift during the scan was performed based on the water frequency of water-unsuppressed 

scans from the localized voxel, which were acquired every 24 averages (i.e., every ~53 

seconds).

Postprocessing included phase-and-frequency correction of individual transients prior to 

HERMES reconstruction, based on the NAA acetyl peak using the Gannet program (22). 

Frequency correction based on the NAA acetyl peak was preferred over use of the residual 

water peak because the editing pulses applied at 4.5 ppm (experiment A in Fig. 3) and 4.62 

ppm (experiment C in Fig. 3) partially invert the water peak at 4.68 ppm. HERMES 

reconstruction to give separate NAA- and NAAG-edited spectra was performed according to 

Eq. [1].

A model based on simulated NAA- and NAAG-edited spectra, line-broadened by a 3.5 Hz 

exponential filter to match the linewidths of in vivo data, was used to fit the in vivo spectra. 

Both in vivo and simulated NAA- and NAAG-edited spectra were zero-filled to 4,096 data 

points. In vivo data were not line-broadened prior to fitting. The glutathione resonance that 

coedits in the NAAG reconstruction was also included in the model as a Gaussian peak 

centered at 2.95 ppm. The percentage standard error in the amplitude coefficient of the fits 

was calculated to determine the uncertainty in the fits. After fitting, in vivo spectra were 

line-broadened using a 5 Hz exponential filter and zero-filled to 32k points for display 

purposes.

The 2-ppm N-acetyl singlet in the HERMES sum (A + B + C + D) spectrum was modeled as 

a Lorentzian lineshape in Gannet to determine the peak integral ANA. The total N-acetyl 

concentration was estimated relative to the unsuppressed water signal from the same volume 

(modeled as a Lorentz-Gaussian to determine AW) according to the following equation:

[2]

where cW is the MR-visible water concentration in white matter (23); T1W and T2W are the 

longitudinal and transverse relaxation times of water in white matter (23); T1NA and T2NA 

are the longitudinal and trans-verse relaxation times of the N-acetyl methyl signal (24); and 

nW and nNA are 2 and 3, respectively, the numbers of protons contributing to each signal. 

For each subject, separate concentrations of NAA and NAAG were determined by dividing 

cNA according to the calculated NAA:NAAG ratio.

RESULTS

Figure 4a shows the simulated TE modulation of the edited NAA and NAAG multiplets. 

Both have similar modulation as a function of TE, with maximal peak intensities at TEs 

between 130 ms to 160 ms, but are slightly offset from one another with the NAA maxima 

occurring ~10 ms after the NAAG (because the couplings are slightly different, as shown in 

Fig. 2). This becomes more apparent from the integrals in Figure 4b, which show that the 

maximal difference signal intensities of the detected NAA spectra are shifted toward longer 
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TEs relative to the detected NAAG spectra. Based on these data, a TE of 150 ms was chosen 

for HERMES NAA/NAAG detection to maximize the signal intensity of NAAG, which has 

substantially lower in vivo concentration, while still maintaining a high NAA signal. The 

longer TE also allows the use of the highly selective (45 ms) editing pulses necessary for 

HERMES NAA/NAAG experiments B, C, and D (as in Fig. 3).

Spectra from the HERMES simulations and phantom experiments demonstrate excellent 

agreement in both the multiplet patterns of NAA and NAAG in their respective 

reconstructions and the degree of residual crosstalk (Fig. 4). Root-mean-squared crosstalk of 

NAA into the NAAG reconstruction with the editing pulse in experiment D placed at 10 ppm 

was 3.7%. This was reduced to 2.8% by placing that editing pulse at 4.14 ppm. This low 

crossover was preserved in the NAA phantom experiments where the % RMSE was 4.1%. 

The RMS crosstalk of NAAG into the NAA reconstruction in the simulations was 9.4%, 

which is consistent with the crosstalk in NAAG-phantom experiments of 9.0%. These 

multiplet patterns were conserved in the in vivo spectra, as shown in Figure 6a. Both the in 

vivo NAA and NAAG multiplet patterns and relative signal intensities were consistent 

between subjects, as shown in Figure 6b. Representative fits to the in vivo data (Fig. 6c) 

show that the simulated spectra fit the in vivo data well. This is reflected in the standard 

errors of the fitted amplitude coefficients, which were 1.3 ± 0.06% for NAA and 2.7 ± 0.5% 

for NAAG. Quantifying the NAA:NAAG concentration ratio based on these fits, an average 

value of 4.22:1 (standard deviation [SD]: ±0.66) was found. The NAAG and NAA 

concentrations were calculated as 1.85 ± 0.33 mmol/dm3 and 7.81 ± 0.79 mmol/dm3, 

respectively (mean ± standard deviation), in good agreement with literature values (2,12,14).

Figure 7a shows the compounds potentially coedited by the HERMES NAA/NAAG 

experiment. Glutamate, glutamine, glutathione (cysteine and glutamate moieties), and 

aspartate have multiplets close to the range of the detected NAA/NAAG peaks at ~2.6 ppm. 

In the HERMES NAA/NAAG simulations of these compounds (Fig. 7b), however, only 

aspartate results in overlapping signals in the detected range in both the NAA and NAAG 

reconstructions, at a level of about 5% of the signal achieved in an aspartate-targeted 

MEGA-PRESS experiment. Glutathione gives a peak at 2.95 ppm, coediting in the NAAG-

edited spectra at 78% (relative to a GSH-targeted MEGA-PRESS experiment) and in the 

NAA-edited spectra at 20%. This glutathione peak can also be seen in the NAAG 

reconstruction in vivo.

DISCUSSION

In this article, it is demonstrated that the simultaneous detection of more than one molecule 

is possible using HERMES. For the example given here for NAA and NAAG, HERMES 

gives minimal crosstalk in the reconstruction of two otherwise overlapping molecules. 

Although it is only demonstrated for two molecules here, as a Hadamard-based method, 

HERMES can in principle be applied to larger numbers of editing targets (or other pairs of 

compounds, such as GABA and overlapping coedited macromolecules). In principle, it 

should be possible to edit three molecules (e.g., NAA, NAAG, and aspartate) using a four-

step Hadamard scheme. Hadamard editing methods have long been applied in high-
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resolution nuclear magnetic resonance to accelerate the acquisition of multiple one-

dimensional experiments (25).

Simultaneous edited detection of multiple metabolites carries a temporal SNR advantage 

over consecutive measurements of √n, where n is the number of molecules simultaneously 

detected (as long as the SNR of the combined measurement is not compromised). In the case 

of time-resolved measurements of a dynamic system, such as pharmacological or functional 

(26) studies, simultaneous measurements are both scientifically preferable and increase the 

available temporal resolution by a factor of n.

The spin systems of NAA and NAAG are amenable to detection by HERMES because their 

editing target spins are sufficiently resolved that they can be separately inverted using highly 

selective (long-duration) editing pulses in experiments B and C. This is aided by the similar 

echo-time-dependence of both molecules with near-maximal signal intensity at a relatively 

long optimal TE, within which the long-duration editing pulses with sufficient frequency 

selectivity that are needed to separate NAA and NAAG can be accommodated. It is worth 

noting that these long editing pulses have narrow bandwidth and are therefore very 

susceptible to B0 field instabilities (13,27). For this reason, it was necessary to apply 

prospective field-frequency correction during the experiment based on voxel-localized B0 

offset measurements.

The long editing pulses in experiment B and C, which ideally are fully ON for one molecule 

and fully OFF for the other, in fact do not perfectly invert just NAA or just NAAG. Bloch 

equation simulations of the pulses (as shown in Fig. 3) indicate a partial inversion of NAA in 

the NAAG-only experiment (1%) and vice versa. This will lead to crosstalk between the two 

experiments. Therefore, in experiment D the editing pulse is placed at 4.14 ppm, 

symmetrically about the 4.38 ppm NAA resonance relative to the experiment C. Thus, NAA 

spins are partially inverted to the same degree in C and D, which are subtracted for the 

NAAG spectrum, reducing the NAA contribution to the NAAG-edited spectrum by a quarter. 

Crosstalk of NAAG into the NAA spectrum is a lesser concern because NAA is the more 

highly concentrated of the two molecules. Although this scheme results in a slight reduction 

of NAA signal intensity in the NAA-edited spectra, this is also acceptable from an SNR 

viewpoint due to its higher concentration.

One potential consequence of the 4.14 ppm editing pulse in experiment D, however, is the 

coediting of additional compounds. It can be seen in Figure 7a that this pulse (as well as the 

less selective editing pulse used in experiment A) partially inverts aspartate at 3.89 ppm, 

which is coupled to aspartate signals at 2.65 and 2.8 ppm within the detected NAA/NAAG 

frequency range. Because the inversion of this aspartate spin is slight, and it only affects one 

of the four spectra used to form the final reconstruction, its contribution to the final NAA 

and NAAG reconstructions are minimal, as shown in Figure 7b. In addition, in vivo 

concentration of aspartate in the brain is believed to be relatively low (11,28).

Of the other potentially coedited compounds shown in Figure 7a, glutamate and glutamine, 

as well as the glutathione cysteine and glutamate moieties, have coupled spins whose signals 

appear in or near the detected NAA/NAAG region. The cysteine moiety of glutathione at 
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2.95 ppm strongly coedits in the NAAG reconstruction but not in the NAA reconstruction. 

The substantial representation of the cysteine moiety in the NAAG reconstruction is due to 

the inversion of glutathione spins at 4.56 ppm from both the editing pulse at 4.5 ppm (ON 

both NAA and NAAG) in experiment A and the editing pulse at 4.62 ppm (NAAG) in 

experiment C. The glutathione cysteine moiety coedits less in the NAA reconstruction 

because the editing pulse at 4.38 ppm (NAA) inverts the 4.56 glutathione spins to a much 

smaller degree. This glutathione peak can be seen in the in vivo NAAG reconstruction, as 

shown in Figure 6, but has relatively little influence on quantitation of the NAAG spectra 

because it is resolved from the observed NAAG peaks. Glutamate, glutamine, and the 

glutamate moiety of glutathione minimally coedit on both the reconstructed NAA and 

NAAG spectra because their corresponding target resonances are only partially inverted 

(16% for glutamate and glutamine and 18% for glutamate moiety of glutathione) by one of 

the four editing pulses.

Additional work is needed to further reduce the spillover of NAA into the NAAG 

reconstruction. More sophisticated fitting techniques using basis sets of individual 

molecules, for example, LCModel (29) or Tarquin (30), may also lessen the effects of 

coediting on the accuracy of determination of NAA and NAAG. To extend this technique for 

use in chemical shift imaging, good B0 homogeneity and stability would be needed.

It is interesting to consider the full 4 × 4 Hadamard reconstruction matrix. In addition to the 

NAA- and NAAG-edited difference spectra discussed, it is also possible to calculate the A + 

B + C + D and A−B−C+D combinations. The A + B + C + D sum spectrum contains those 

signals that are not affected by the editing pulses at full SNR, which may be useful for 

quantification of the nonedited spectral resonances. The A − B − C + D subtraction spectrum 

should not contain any signal from either edited or nonedited compounds; it may potentially 

be useful either as an empty spectrum from which to quantify subtraction artifacts, or as 

shown in Figure 1b, with a third editing pulse applied appropriately it would be possible to 

edit a third target molecule so as to appear in this spectrum. The Hadamard editing encoding 

is scalable to detect a large number of molecules, with four to seven molecules detectable 

with eight editing pulse combinations. The two-molecule approach demonstrated here may 

also be applicable to other pairs of molecules, for example, GABA and macromolecular 

signals at 3 ppm. Coediting of nonoverlapping signals will occur, as with MEGA-PRESS, 

and will further increase the number of metabolites that can be quantified with these 

experiments.

CONCLUSION

In conclusion, the HERMES method has been developed to allow the simultaneous and 

separable editing of two or more overlapping molecules with near-maximal sensitivity and is 

illustrated in detail for the example of NAA and NAAG. The method has the advantage of 

increased SNR compared to sequential measurements of individual molecules in the same 

total scan time. In healthy subjects, the method is shown to be reliable both in terms of the 

multiplet pattern of the spectra, as well as the absolute and relative concentrations of the two 

molecules, indicating minimal molecule crossover between the two reconstructed spectra. 
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HERMES can be applied to other overlapping edited species, and extended to more than two 

compounds by appropriate experimental design and Hadamard reconstruction.
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Fig. 1. 
Schematic illustration of Hadamard-encoded editing. (a) Four-step HERMES scheme for 

two molecules. (b) The HERMES scheme for three molecules can also be achieved in four 

steps. (c) The HERMES scheme for four molecules requires eight steps. In theory, up to 

seven molecules could be incorporated into an eight-step scheme.
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Fig. 2. 
Chemical structures of NAA and NAAG, including the spin-system parameters of the 

aspartyl moieties, which are targeted by HERMES experiments.
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Fig. 3. 
Schematic diagram of the HERMES editing scheme for NAA and NAAG. Four experiments 

are acquired with editing pulse offsets and durations, as specified in the top table. The 

inversion envelopes of the editing pulses are plotted above the top table and color-coded by 

experiment. The table at the bottom shows the Hadamard combinations that correspond to 

the difference-edited spectra for NAA and NAAG.
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Fig. 4. 
Simulations of MEGA-PRESS editing of NAA and NAAG at a range of echo times. Spectra 

(~2.6 ppm resonance) are shown in (a) and the corresponding integral (peak area) in (b). An 

echo time of 150 ms was selected for subsequent experiments, based on high editing 

efficiency for NAAG and to allow sufficient time for long, highly selective editing pulses to 

be used.
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Fig. 5. 
Simulations (a) and phantom data (b) demonstrate the excellent separation of NAA and 

NAAG signals into the desired HERMES recombination spectra with minimal metabolite 

crossover. The multiplet patterns of both NAA and NAAG are consistent between the 

simulated and reconstructed spectra.
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Fig. 6. 
In vivo HERMES editing of NAA and NAAG. (a) In vivo multiplet patterns show good 

visual agreement between simulations, phantom experiments, and in vivo experiments 

(shown here for representative NAA and NAAG spectra), indicating good separation of 

NAA and NAAG in vivo. (b) In vivo multiplet patterns are consistent across all 12 subjects 

for both NAA and NAAG, as edited by HERMES. (c) Fitting of the in vivo data (shown for 

one subject) was performed based on the simulations in order to extract the NAA:NAAG 

concentration ratio.
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Fig. 7. 
Coediting of other molecules in NAA/NAAG HERMES. (a) Plot of coupled spin systems 

that may coedit with NAA/NAAG. Spins that fall within the bandwidth of editing pulses 

applied in the HERMES experiment (shown by the colored Gaussian functions at the top) 

are color-coded accordingly. Species that are NAAG-like (color-coded yellow-red) tend to 

appear in the NAAG-edited combination. Species that are only inverted by the yellow (ON, 

ON) inversion pulse will appear equally in NAA and NAAG edited spectra. Dotted vertical 

lines mark the range of the detected NAA and NAAG edited signals. (b) Equimolar 
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simulations of coedited spectra in the NAAG HERMES reconstruction. The most efficiently 

coedited species is the GSH-cysteine moiety, which appears in the NAAG-edited spectrum. 

Aspartate, glutamine, and GSH-Glu are coedited to similar degrees in NAA- and NAAG-

edited spectra because they are only inverted by the yellow (ON, ON) pulse.
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