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Abstract

Purpose: To demonstrate the framework of a novel Hadamard-encoded spectral editing approach 

for simultaneously detecting multiple low-concentration brain metabolites in vivo at 3T.

Methods: HERCULES (Hadamard Editing Resolves Chemicals Using Linear-combination 

Estimation of Spectra) is a four-step Hadamard-encoded editing scheme. 20-ms editing pulses are 

applied at: (A) 4.58 and 1.9 ppm; (B) 4.18 and 1.9 ppm; (C) 4.58 ppm; and (D) 4.18 ppm. Edited 

signals from γ-aminobutyric acid (GABA), glutathione (GSH), ascorbate (Asc), N- acetylaspartate 

(NAA), N-acetylaspartylglutamate (NAAG), aspartate (Asp), lactate (Lac), and likely 2-

hydroxyglutarate (2-HG) are separated with reduced signal overlap into distinct Hadamard 

combinations: (A+B+C+D); (A+B-C-D); and (A-B+C-D). HERCULES uses a novel multiplexed 

linear-combination modeling approach, fitting all three Hadamard combinations at the same time, 

maximizing the amount of information used for model parameter estimation, in order to quantify 

the levels of these compounds. Fitting also allows estimation of the levels of total choline (tCho), 

myo-inositol (Ins), glutamate (Glu), and glutamine (Gln). Quantitative HERCULES results were 

compared between two grey- and white-matter-rich brain regions (11 min acquisition time each) in 

10 healthy volunteers. Coefficients of variation (CV) of quantified measurements from the 

HERCULES fitting approach were compared against those from a single-spectrum fitting 

approach, and against estimates from short-TE PRESS data.
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Results: HERCULES successfully segregates overlapping resonances into separate Hadamard 

combinations, allowing for the estimation of levels of seven coupled metabolites that would 

usually require a single 11-min editing experiment each. Metabolite levels and CVs agree well 

with published values. CVs of quantified measurements from the multiplexed HERCULES fitting 

approach outperform single-spectrum fitting and short-TE PRESS for most of the edited 

metabolites, performing only slightly to moderately worse than the fitting method that gives the 

lowest CVs for tCho, NAA, NAAG, and Asp.

Conclusion: HERCULES is a new experimental approach with the potential for simultaneous 

editing and multiplexed fitting of up to seven coupled low-concentration and six high- 

concentration metabolites within a single 11-min acquisition at 3T.
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1. Introduction

Magnetic resonance spectroscopy (MRS) is the only methodology that can determine the 

levels of neurochemicals in living tissue non-invasively, which provides a unique window on 

the neurobiology of the human brain in health and pathology. At field strengths commonly 

used for clinical MR imaging, i.e. 3 Tesla and below, spectral overlap and insufficient 

spectral resolution hinder the reliable separation of low-concentration metabolites with 

coupled resonances from overlapping high-concentration metabolites.

J-difference editing techniques improve the selectivity of MRS experiments by removing 

unwanted overlying signals. The most common J-difference editing implementation, 

Mescher- Garwood Point Resolved Spectroscopy (MEGA-PRESS), consists of two sub-

experiments that differ in the treatment of the spin system of interest (Edden et al., 2012; 

Mescher et al., 1998; Rothman et al., 1993). In the ‘ON’ experiment, a selective editing 

pulse refocuses the evolution of the targeted scalar coupling, whereas the same coupling is 

allowed to evolve freely in the ‘OFF’ experiment. Subtraction of the OFF from the ON 

spectrum yields the edited difference (‘DIFF’) spectrum, which only contains signals 

affected by the editing pulse. Overlapping signals unaffected by the editing experiments are 

removed upon subtraction.

MEGA-PRESS was initially introduced for detection of the primary inhibitory 

neurotransmitter γ-aminobutyric acid (GABA), and has been adapted to selectively isolate a 

number of other compounds implicated in several important physiological mechanisms: the 

antioxidants glutathione (GSH) and ascorbate (Asc) (Chan et al., 2016b; Emir et al., 2011a, 

2011b; Terpstra et al., 2003, 2006, 2011); the neuronal marker N-acetylaspartate (NAA) 

(Chan et al., 2017; Edden et al., 2007); the glutamatergic modulators N-

acetylaspartylglutamate (NAAG) and aspartate (Asp) (Chan et al., 2016a; Chan et al., 2017; 

Edden et al., 2007; Murdoch et al., 2013); the anaerobic product lactate (Lac) (Chan et al., 

2017b; Star-Lack et al., 1998); and the oncometabolite 2-hydroxyglutarate (2-HG) 

(Andronesi et al., 2012; Choi et al., 2012; Pope et al., 2012).
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J-difference editing prioritizes the resolution of a single low-concentration metabolite of 

interest over the assessment of a broad neurochemical profile. Historically, editing therefore 

proceeds at a rate of only one edited metabolite per ~10-min experiment, precluding the 

interrogation of a large number of editable metabolites within the scan time limits of typical 

MR protocols. To overcome this limitation, our group has recently pioneered multiplexed 

editing approaches using Hadamard-encoded editing schemes. Hadamard Encoding and 

Reconstruction of MEGA-Edited Spectroscopy (HERMES) simultaneously resolves signals 

from two or three coupled spin systems in a single 11 -min experiment without affecting the 

signal-to-noise-ratio, and has been implemented for GABA/GSH (Saleh et al., 2018, 2016), 

macromolecule-suppressed GABA/GSH (Oeltzschner et al., 2017), and NAA/NAAG/Asp 

(Chan et al., 2016a; Chan et al., 2017).

Here, we introduce HERCULES (Hadamard Editing Resolves Chemicals Using Linear- 

combination Estimation of Spectra), the combination of an advanced Hadamard-encoded 

editing technique with a novel multiplexed linear-modeling approach using simulated basis 

functions. We demonstrate HERCULES in the phantom and in grey- and white-matter-rich 

regions in healthy subjects, and compare the quantitative outcome to results from short-TE 

PRESS acquisitions. The HERCULES scheme segregates J-difference-edited signals of 

GABA, GSH, Asc, NAA, NAAG, Asp, and Lac into distinct Hadamard combinations, and 

additionally quantifies the major signals from total creatine (tCr), total choline (tCho), myo-

inositol (Ins), glutamate (Glu), and glutamine (Gln) that are retained in the sum spectrum. In 

tumor tissue, signal from 2-HG may also be edited. In summary, HERCULES allows 

simultaneous detection of up to 13 metabolites in a single 11-min experiment at 3 T.

2. Material and Methods

2.1. Theory

2.1.1. HERCULES editing scheme—As shown in Fig. 1a, HERCULES consists of 

four sub-experiments with different editing pulse profiles that are designed to differentiate 

the evolution of up to eight editable metabolites: (A) dual-band editing at 4.58 and 1.9 ppm; 

(B) dual-band editing at 4.18 and 1.9 ppm; (C) singleband editing at 4.58 ppm; (D) single-

band editing at 4.18 ppm. The resulting sub-spectra (Fig. 1b) are combined to give three 

orthogonal Hadamard combinations of interest: the sum spectrum (A+B+C+D); one 

difference-edited spectrum (A+B-C-D) of signals impacted by the 1.9 ppm lobe; and a 

second difference-edited spectrum (A-B+C-D) of signals impacted by the 4.58 and 4.18 ppm 

lobes.

Each difference-edited Hadamard combination can be thought of as a separate MEGA-

edited spectrum. The (A+B-C-D) combination is a typical GABA+-edited spectrum 

containing contributions from GABA+macromolecules (3.0 ppm, ‘GABA+’), NAA/NAAG 

methyl (2.0 ppm), Glu/Gln/GSH (2.25/3.75 ppm), and 2-HG (4.0 ppm, only present in tumor 

tissue). The (A-B+C-D) combination is a DEW (Double Editing With) -like (Emir et al., 

2011a, 2011b; Terpstra et al., 2006) spectrum, where editing pulses are applied to a different 

set of metabolites in each half of the experiment. As such, it contains clearly separated 

edited signals from Lac (1.33 ppm) and GSH (2.95 ppm), slightly overlapping edited signals 
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from the aspartyl protons of NAA, NAAG and Asp (between 2.5 and 2.7 ppm), and an 

edited signal from Asc (3.73 ppm) that is close to the 3.75 ppm signal from GSH.

One key feature of this editing scheme is that the editing lobes at 4.58 and 4.18 ppm are 

symmetrically placed around the 4.38 ppm resonance of NAA, analogous to the symmetrical 

suppression of macromolecular resonances in the Henry editing scheme for the detection of 

GABA (Henry et al., 2001). This arrangement retains the NAA signal in the sum spectrum 

while suppressing its contribution to the (A-B+C-D) spectrum, providing a mechanism to 

differentiate the (usually very strong) NAA-aspartyl signal from the (usually weaker) 

partially overlapping aspartyl signals of Asp and NAAG.

2.1.2. HERCULES spectral fitting /simulations—In Hadamard-encoded editing, 

more than one difference spectrum is extracted from a single acquired dataset. This 

multiplexed editing approach motivates a multiplexed analysis pipeline. Given that a 

substantial subset of compounds contributes signal to more than one Hadamard combination 

spectrum, it is expected that the quantification model will be more reliably constrained by 

considering all acquired information at the same time. Therefore, instead of fitting each 

Hadamard combination separately (as is usual for the fitting of single-edited difference 

spectra or un-edited spectra), HERCULES models the concatenation of all three Hadamard 

combinations together with HERCULES basis functions that are simulated for 21 metabolite 

spin systems. This simultaneous fit incorporates all the available spectral information to 

constrain the model, exploiting the separation of overlapping resonances into orthogonal 

Hadamard combinations.

2.2. Phantom and in vivo data

2.2.1 Acquisition—All data were acquired using a 32-channel head matrix coil on a 3T 

Siemens Prisma scanner (Siemens Healthineers, Erlangen, Germany).

Phantom data were acquired from a 3 × 3 × 3 cm3 voxel in a 1-liter phosphate-buffered 

saline phantom at room temperature (pH = 7.2) containing 1.5 mM Asc, 1.5 mM Asp, 2.5 

mM ChoCl, 10 mM Cr, 2 mM GABA, 4 mM Gln, 10 mM Glu, 2 mM GSH, 6 mM Ins, 10 

mM NAA, and 2 mM Lac (NAAG was not included due to its extremely high cost). In vivo 

data were acquired from 10 healthy adults (5 male, mean age 29.3 ± 2.9 y) in 3 × 3 × 3 cm3 

voxels: one white- matter-rich (WM) voxel in the centrum semiovale, and one grey-matter-

rich (GM) voxel over the cingulate cortex (Fig. 1c). From each voxel, HERCULES data 

were acquired with the following parameters: TR/TE = 2000/80 ms; 20-ms editing pulses 

with a single-lobe full-width half-maximum (FWHM) bandwidth of 61.9 Hz; 2048 data 

points; 2 kHz spectral width; CHESS water suppression; 320 averages (i.e. 80 repetitions of 

the A-B-C-D cycle shown in Fig. 1a). HERCULES reference data were acquired without 

water suppression with the same parameters (8 averages).

For comparison, short-TE PRESS data were acquired with the vendor-native sequence using 

the same parameters as HERCULES, except: TE = 30 ms; 64 averages. Short-TE water-

reference PRESS data were acquired with the same parameters (8 averages).
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For validation purposes, GABA/GSH HERMES (Saleh et al., 2016) data were acquired in a 

white-matter voxel in one subject. The acquisition parameters were the same as for 

HERCULES, except for the editing pattern: (A) dual-band editing at 4.56 and 1.9 ppm; (B) 

single-band editing at 4.56; (C) single-band editing at 1.9 ppm; (D) no editing pulse. 

HERMES water-reference data were acquired with the same parameters (8 averages).

2.2.2. Data processing and spectral fitting—HERCULES (and HERMES) data 

were processed in MATLAB (The MathWorks, Natick, MA) with a pipeline based on 

functions from the FID-A toolkit (Simpson et al., 2017). The optimal coil combination was 

calculated from the water-unsuppressed short-TE PRESS data, weighting the individual 

channels with the ratio of the signal to the square of the noise (Hall et al., 2014). Eddy-

current correction was performed using the water-unsuppressed HERCULES/HERMES 

data. Within each sub-experiment, all averages were aligned to each other using frequency-

and- phase correction in the time domain using spectral registration (Near et al., 2014), and 

then averaged and linebroadened with a 1-Hz exponential filter. Residual water signals were 

filtered from each sub-spectrum with a Hankel singular value decomposition (HSVD) filter 

(Barkhuijsen et al., 1987), and each sub-spectrum was subsequently baseline-corrected. To 

minimize subtraction artefacts in the Hadamard combination spectra, a set of frequency and 

phase shifts applied to sub-spectra B, C, and D was determined. This optimal set was found 

by determining the global minimum of the standard deviation of the trivial HERCULES 

combination (A-B- C+D), which should not contain any edited signals. After applying the 

calculated frequency corrections, the matrix containing the A, B, C and D sub-spectra was 

left-multiplied by the 4 × 4 Hadamard matrix to give the four resulting Hadamard 

combinations (including the unused combination A-B-C+D).

Short-TE PRESS data underwent the same pre-processing steps, including: coil combination 

and eddy-current correction based on the water-unsuppressed short-TE PRESS data, spectral 

registration, averaging, 1-Hz filtering, and removal of residual water.

HERCULES and short-TE PRESS basis functions were calculated in MATLAB using the 

FID-A toolkit. Full density-matrix simulations of the four HERCULES sub-experiments A, 

B, C, D, and the vendor-native PRESS sequence were computed for 21 metabolite spin 

systems: Asc, Asp, creatine (Cr), GABA, glycerophosphorylcholine (GPC), GSH, Gln, Glu, 

glycine (Gly), Ins, Lac, NAAG, NAA, phosphorylcholine (PCh), phosphocreatine (PCr), 

phosphorylethanolamine (PE), scyllo-inositol (Scy), serine (Ser), taurine (Tau), 2-HG, and 

residual water. Chemical shifts and coupling constants were taken from literature (Govind et 

al., 2015; Govindaraju et al., 2000; Near et al., 2013). To account for the spatially varying 

editing efficiency within the voxel due to chemical shift displacement effects (Edden and 

Barker, 2007; Kaiser et al., 2008; Near et al.,2013), a fast computation algorithm for 

spatially localized MRS was employed (Zhang et al., 2017). All simulations were performed 

on a three-dimensional grid of 21 × 21 × 21 spatial points within a 3 × 3 × 3 cm3 voxel, 

using ideal excitation and shaped refocusing pulses. For each metabolite, the vector 

containing the A, B, C, and D sub-spectra was left-multiplied by the 4 × 4 Hadamard matrix. 

In a final step, the resulting four Hadamard combinations were concatenated to produce a 

single basis function per metabolite for the entire HERCULES experiment. To mimic the 

macromolecular contamination of the 3 ppm GABA signal (due to co-editing of the coupled 
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1.7 ppm macromolecular resonance), a single Gaussian peak (10 Hz linewidth) with a total 

area of 40% of the 3 ppm GABA integral was added to the (A+B-C-D) basis function of 

GABA for the in vivo analysis. Since detectable levels of 2-HG are only present in tumor 

tissue, the 2-HG basis function was removed from the HERCULES basis set for the analysis 

of the in vivo data from healthy subjects.

Spectral fitting was then performed with in-house software developed in MATLAB, using a 

multiplexed least-squares linear-combination modeling approach. The linear-combination 

model function contained 49 parameters: twenty amplitude weighting coefficients (one for 

each metabolite in the basis set); two coefficients describing the Lorentzian and Gaussian 

contributions to the Voigt lineshape (added to all basis functions); six coefficients describing 

linear baseline terms for the three Hadamard combinations; twenty coefficients allowing a 

small frequency shift for each basis function (Provencher, 1993); and one coefficient 

allowing for a global frequency shift between the basis functions and the in vivo spectra. The 

fitting problem was solved using a nonlinear least-squares minimization algorithm (‘trust 

region reflective’, implemented in the lsqcurvefit function of MATLAB) over a fitting 

interval of 1.02 ppm to 4.50 ppm. Non-linear baseline functions were estimated separately 

for each Hadamard combination through five iterations of the following cycle: fitting the 

signal with the HERCULES basis functions; modeling a smooth spline through the fit 

residual; subtracting the spline from the initial signal; and feeding the spline-corrected 

spectrum back into the fit routine. The sum of the five spline iterations was then subtracted 

from the original spectrum, and the resulting baseline- free spectrum was fitted to yield the 

final linear-combination model parameters used for further analysis. Short-TE PRESS data 

were fit with the simulated single-spectra basis sets in the same way.

All metabolite levels were expressed as ratios to the total creatine signal (tCr = Cr+PCr). 

Coefficients of variation (CV) of the metabolite ratios across all subjects were calculated for 

each metabolite.

2.2.3. Comparison of simultaneous and single-spectrum fitting—In order to 

investigate the advantage of simultaneous fitting of multiplexed HERCULES data, the edited 

sum spectrum and each of the two difference spectra were also separately fitted using a 

single-spectrum fitting approach. Basis sets for this separate modeling were generated by 

treating the sub-spectra of the previously created HERCULES basis functions as separate 

functions with independent amplitude parameters. The respective linear-combination model 

function for the sum and the two difference spectra contained the same parameters as the 

HERCULES model except for the baseline parameters for the ‘other’ spectra; that is, all 

metabolite basis functions were included in each basis set, regardless of whether they 

showed any signal in the difference spectra. Since the two difference spectra contain no 

common reference signal, the tCr signal from the sum spectrum was used as the reference to 

quantify the signals in the difference spectra.

For each metabolite, the fitting approach that produced the lowest CV (across all subjects 

and regions) was determined.

Oeltzschner et al. Page 6

Neuroimage. Author manuscript; available in PMC 2020 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3. Results

Simulated equimolar spectra for the eight edited metabolites are shown in Fig. 2, 

demonstrating that the HERCULES scheme successfully differentiates overlapping edited 

signals. Since the columns of a Hadamard matrix are orthogonal, signals that are affected by 

different editing pulses are segregated into separate difference spectra without cross-

contamination. As an example, the edited signal of GABA at 3.01 ppm appears in the (A+B-

C-D) spectrum, while the edited signal of GSH at 2.95 ppm appears in the (A-B+C-D) 

spectrum, but not vice versa. The symmetrical arrangement of the 4.58 and 4.18 ppm editing 

pulses provides an additional mechanism of distinction: it directs the (relatively strong) 2.6-

ppm aspartyl signal of NAA into the sum spectrum, while the overlapping (lower-

concentration) aspartyl signal of NAAG appears in the (A-B+C-D) spectrum, where it can 

be more reliably quantified.

The phantom HERCULES data and model are shown in Fig. 3, indicating successful 

implementation of the intended editing scheme and clearly edited target resonances. A small 

offset from the ideal NAA-aspartyl suppression (potentially from minimal mis-adjustment of 

the editing pulses to account for the water shift in phantom) is indicated by the slightly 

different lineshape of the aspartyl multiplet, and the underfit 3.9 ppm Cr resonance. With 

respect to 10 mM tCr, phantom metabolite levels were (not accounting for differences in T2 

relaxation) calculated to be 1.4 mM for Asc (nominally 1.5 mM), 1.4 mM for Asp (1.5 mM), 

2.4 mM for tCho (2.5 mM), 2.6 mM for GABA (2 mM), 6.7 mM for Gln (4 mM), 12.1 mM 

for Glu (10 mM), 3.5 mM for GSH (2 mM), 7.1 mM for Ins (6 mM), 18 mM for NAA (10 

mM), and 2.4 mM for Lac (2 mM).

In vivo data from two white-matter HERCULES datasets and one grey-matter short-TE 

PRESS dataset were excluded from quantitative analysis due to severe lipid contamination 

and/or subject movement. The three Hadamard combinations and fits are shown for one 

subject (grey-matter voxel) in Fig. 4a. The overlay of the GABA- and GSH edited difference 

spectra of HERCULES and HERMES from a white-matter voxel in one subject is shown in 

Fig. 4b. The good agreement between the different methods further indicates that GABA- 

and GSH-editing in HERCULES is equivalent to HERMES.

Individual model components determined by the HERCULES fitting approach are shown in 

Fig. 5. In addition to the seven edited metabolites (excluding 2-HG), signals from Gln, Glu, 

Ins, and Cr- and Cho-containing compounds can also be resolved. Quantitative results from 

the displayed WM and GM regions and all subjects are summarized for eleven metabolites 

in Fig. 6, demonstrating several significant between-region differences: higher levels of Asp, 

GABA+, and Glu in GM; higher levels of NAAG, Gln, and tCho in WM.

All fitting approaches - simultaneous; sum only; (A+B-C-D) only; (A-B+C-D) only - 

yielded reasonable model fits, as shown for one dataset in Fig. 7. Metabolite levels are listed 

for each metabolite for the HERCULES fitting approach in Table 1, along with the CVs for 

each metabolite for all fitting approaches, as well as the fitting approach that yielded the 

lowest mean CV for the respective metabolite. The HERCULES simultaneous modeling 

approach produced the lowest mean CV for the majority of metabolites, and was only 
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slightly to moderately worse than fitting the PRESS spectrum for NAAG and NAA, and the 

sum spectrum for tCho.

4. Discussion

The HERCULES experiment combines several spectral editing concepts to maximally 

exploit the available information. While DEW-MEGA-PRESS (Terpstra et al., 2006) is 

capable of editing more than one compound simultaneously, it is restricted to spin systems 

with resolved editing-target and detected resonances, and fails if the detected resonances 

overlap. Hadamard- encoded techniques effectively address this problem by segregating 

overlapping edited resonances into separate difference spectra. HERCULES combines these 

advantages: it exploits Hadamard-encoding for separation of, for example, GABA and GSH, 

and DEW to edit more signals into one HERCULES difference spectrum. HERCULES 

further implements a symmetrical editing pulse arrangement for NAA-aspartyl suppression 

in the (A-B+C-D) spectrum, improving its DEW characteristics by mitigating overlap with 

NAAG and Asp. The phantom and in vivo HERCULES data demonstrate the successful 

implementation of the multiplexed editing scheme, segregating overlapping coupled 

resonances into the intended orthogonal Hadamard combinations. The HERCULES fitting 

approach yielded the lowest overall CVs for all but four metabolites, being only slightly to 

moderately worse than PRESS for NAAG and NAA, tCho, and Asp.

Overall, the results of the HERCULES quantification provide a preliminary validation of the 

quantitative potential of this approach, as several expected differences in metabolite levels 

between GM and WM regions were reproduced. Higher levels of GABA+ and Glu in GM, 

likely due to the higher density of inhibitory and excitatory cell bodies, have been shown 

previously (Bhattacharyya et al., 2011; Choi et al., 2006; Hnilicova et al., 2016; Jensen et al., 

2005). In contrast to our findings, higher GSH levels in GM have been reported at 7T 

(Srinivasan et al., 2010). The ~10% higher levels of NAA in WM compared to GM are 

consistent with results obtained from spectroscopic imaging (parietal WM and cortical GM), 

as well as increased tCho (Horská et al., 2002; McLean et al., 2000; Pan et al., 1998). Higher 

concentrations of NAAG in WM have been demonstrated (Pouwels and Frahm, 1997), and 

the NAA:NAAG ratio measured in WM with HERCULES (about 4.4:1) is in excellent 

agreement with published values (Chan et al., 2016a; Chan et al., 2017a; Edden et al., 2007; 

Pouwels and Frahm, 1997). Tissue-specific levels of Asp have not been demonstrated yet, 

but given its roles as a neurotransmitter at the N- methyl-D-aspartate receptor and in 

metabolism, higher levels in GM are not unreasonable.

Mean tCr ratios for tCho, Glu, and Ins were within the expected ranges (Govindaraju et al., 

2000), while the NAA/tCr ratio (~2.3) was measured to be consistently high, especially 

when compared to the results from the short-TE PRESS data (NAA/tCr ~ 1.3). This can be 

explained by the notably longer in-vivo T2 values of NAA compared to Cr-containing 

compounds (Wyss et al., 2018), which will cause the T2-uncorrected NAA/tCr ratio to 

assume larger values with increasing echo time. With the exception of tCho (20%), the 

major metabolites showed low CVs around 10%. Mean CVs (24%) for NAAG were slightly 

higher than the ~16% observed with previous MEGA-PRESS and HERMES experiments in 

mostly white-matter voxels (Chan et al., 2016a; Chan et al., 2017; Edden et al., 2007), 
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however, HERCULES CVs in the white-matter region (18%) agreed well with these values. 

Lac CVs (16%) were lower than the ~20% observed in a recent DEW study (Chan et al., 

2017). While the CVs for GABA+ and GSH (14% and 15%) obtained with HERCULES 

were comparable to MEGA-PRESS (Bogner et al., 2010; Geramita et al., 2011; Mikkelsen 

et al., 2017; Terpstra et al., 2003), HERCULES quantification yields higher mean tCr ratios 

for both compounds. Mean tCr ratios for Asc agreed with expectations from literature (Emir 

et al., 2011b; Terpstra et al., 2010; Terpstra and Gruetter, 2004), and mean CVs (19%) are in 

agreement with these reports. Finally, mean CVs for Asp (33%) were slightly higher than 

the ~20% obtained with a three-metabolite HERMES editing scheme (Chan et al., 2017a), 

and Asp/tCr ratios were in agreement with preliminary results from a single volunteer 

obtained with MEGA-PRESS editing (Murdoch et al., 2013). It should be noted that both the 

HERMES and the MEGA-PRESS experiments used in the Asc and Asp studies were 

optimized for editing of Asc (Asp), while HERCULES maximized the number of edited 

metabolites, achieving only about two thirds (one third) of the maximum Asc (Asp) editing 

efficiency and, hence, SNR for the respective metabolite (cf. Fig. 1a, see below). A summary 

of CVs with literature values is given in Table 2.

Quantitative comparison with the short-TE PRESS data yielded results in generally broad 

agreement with HERCULES. Interestingly, PRESS achieved the lowest mean CV for the 

estimation of Asp, NAAG and NAA, and surprisingly low mean CVs for GSH. PRESS, 

however, failed to detect a significant difference in NAAG levels between gray and white 

matter, and estimated levels of Asp, Lac, and GSH to be 1.5 to 3 times as high as the 

HERCULES estimates which agreed substantially better with literature values. This suggests 

that PRESS appears to estimate these metabolites consistently, but incorrectly. A potential 

reason for this overestimation is the fact that no macromolecular resonances were included 

in the PRESS analysis. More sophisticated fitting algorithms like LCModel may benefit 

short-TE quantification by including internally simulated macromolecular and lipid 

resonances, but also often make a priori assumptions by default about the levels of low-

concentration metabolites. For the comparison with the newly developed, assumption-free 

HERCULES fitting approach, we therefore chose to perform the PRESS analysis without 

any constraints on the absolute or relative amplitudes of these metabolites. Future studies 

will aim to improve the HERCULES model by including macromolecular and lipid 

resonances to allow more complex studies on the relationship between unedited (short-TE) 

and edited metabolite estimates.

An interesting secondary finding of this study was the improved separation of Gln and Glu 

in HERCULES compared to short-TE PRESS. Higher Gln/tCr levels in WM compared to 

GM have been previously observed from whole-brain short-TE MRSI at 3T, with similar 

CVs of ~20% in WM and ~40-60% in GM (Goryawala et al., 2016). Studies using two-

dimensional or multi-TE methods have reported CVs around 20% (Gonenc et al., 2010; 

Jensen et al., 2009). In combination with the information from the (A+B-C-D) difference 

spectrum, HERCULES is likely to gain additional power for distinguishing Gln and Glu 

from the sum spectrum. Since the Gln and Glu resonances are partially inverted in the 

experiments with 1.9 ppm editing pulses (A and B), and freely evolving in the other 

experiments (C and D), the sum spectrum can be thought of as an artificially created TE-

averaged (over two ‘virtual’ echo times) spectrum. This mitigates the overlap between the 
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multiplets compared to short-TE PRESS (see Supplementary Figure 1), and may benefit 

their separate estimation.

While editing of 2-HG was not demonstrated in vitro (due to extensive costs for a phantom) 

or in vivo (due to unavailability of eligible patients), it is demonstrated that the edited 4.02 

ppm resonance in the (A+B-C-D) difference spectrum is only overlapped by distinctly 

lower- intensity multiplets from Lac and NAAG (see Supplementary Figure 2). This 

suggests that 2-HG levels commonly encountered in IDH-mutated glioma (5-35 mM, 

Andronesi et al., 2012) can be reliably detected. Compared to standard MEGA-PRESS, 

HERCULES offers the additional benefit of being able to separate potentially elevated 

contributions of Lac by taking the inverted 1.3 ppm Lac signal in the (A-B+C-D) difference 

spectrum into account.

Higher metabolite CVs (i.e. less reliable fitting), in particular for the weak coupled signals, 

can be reasonably explained by a current lack of adequate spectral alignment routines for 

HERCULES spectra, and the relatively basic fitting algorithm used in this proof-of-principle 

work. Edited quantification is highly susceptible to subtraction artefacts resulting from 

motion or scanner drift (Edden et al., 2016; Harris et al., 2014), and improved frequency-

and-phase correction and fitting routines (see below) will improve the agreement with results 

from single-metabolite editing. Although the novel post-processing routine used in this study 

notably reduced Cho subtraction artefacts, underlying baseline modulations and remaining 

spectral imperfections persisted, potentially influencing the estimates of the coupled 

metabolites. The demand for adequate post-processing has long been recognized and 

addressed for MEGA-PRESS of GABA, but is less well-explored for editing of other 

metabolites. Four-step editing schemes produce spectra with fewer shared landmark features 

used for spectral alignment, which makes them substantially more prone to misalignment 

and subtraction artefacts than two-step MEGA editing. Further experiment-specific 

optimization for multiplexed editing schemes is therefore required, as has been recently 

proposed for HERMES of GABA and GSH (Mikkelsen et al., 2017).

A comprehensive editing scheme like HERCULES is best evaluated with a linear-

combination modeling approach that uses all the available information across the different 

Hadamard combinations (and the same may be true for all difference-edited data). Since the 

individual metabolite basis functions for each Hadamard combination are coupled to each 

other in amplitude, the information from a well-resolved resonance in one spectrum is used 

as a form of prior knowledge in another spectrum. As an example, the NAA-aspartyl fit in 

the sum spectrum (A+B+C+D) and the NAAG-aspartyl fit in the (A-B+C-D) difference 

spectrum each constrain the smaller signal contribution to the other spectrum, and the fitting 

of the N-acetyl methyl in the sum and (A+B-C-D) spectra constrains the total signal, 

allowing for a more precise estimation of the levels of NAA and NAAG.

As noted above, more sophisticated modeling algorithms (such as LCModel) may include 

more prior knowledge about lineshape or baseline modeling, and may aid in, for example, 

the estimation of small phase corrections of the underlying baseline. As mentioned, lipid and 

macromolecular signals have - with the exception of the 3 ppm signal added to the GABA 

basis function - not been considered in this initial version of the HERCULES fitting 
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algorithm (and are absorbed into the splined baseline). The inclusion of a simulated or 

measured lipid and macromolecular background into the basis set is very likely to improve 

the modeling of the HERCULES spectra.

In its current implementation, the HERCULES editing scheme uses 20-ms editing pulses in 

all sub-experiments. The corresponding bandwidth implies suboptimal editing efficiency for 

the Asc and Asp resonances (cf. Fig 1a). Using editing pulses with a broader 4.1-ppm lobe 

in subexperiments B and D would increase sensitivity for Asc and Asp. Future HERCULES 

implementations are likely to be flexibly adapted to prioritize their specificity for some 

metabolites over others.

Finally, it should be noted that successful HERCULES data acquisition requires a high 

degree of frequency fidelity and stability. While the top of Gaussian editing pulses has a 

relatively benign profile (>95% inversion is achieved within ±0.07 ppm of the maximum), 

the symmetric suppression of the strong NAA-aspartyl signal is very susceptible to editing 

pulse frequency offsets. In macromolecule-suppressed MEGA-PRESS of GABA, even very 

small frequency offsets (< 5 Hz) break the symmetry of the pulse arrangement (Edden et al., 

2016; Harris et al., 2014; Oeltzschner et al., 2017), and lead to substantial unwanted signal 

in the (A-B+C-D) difference spectrum (see the simulated behavior of the NAA- and NAAG-

aspartyl signals in Supplementary Figure 3). Substantial NAA contamination will hinder the 

successful quantification of NAAG and Asp. Active measures for tracking motion- or drift-

related frequency shifts should be considered as a remedy for similar effects on NAA 

suppression, such as by the use of prospective frequency correction (Edden et al., 2016).

4.1 Future developments

This study was designed to demonstrate the feasibility of the editing scheme and the 

multiplexed fitting approach of HERCULES. As such, several logical development steps can 

be taken to increase the specificity and accuracy of this method. Longer editing pulses (or 

higher B1 power) may help increase the pulse selectivity. This may improve editing 

efficiency for GSH and NAAG, as the 20-ms editing pulse at 4.18 ppm causes 15% of 

inversion at 4.58 ppm, with an attendant loss of edited signal. Simultaneous fitting of 

multiple difference spectra will benefit from further reduction of spectral imperfections and 

artefacts, brought about by tailored multiplexed frequency-and-phase correction schemes 

(Mikkelsen et al., 2017), real-time frequency adjustments during measurement (Edden et al., 

2016), and/or the use of basis sets derived from the individual measurement-specific 

frequency-shift histogram (van der Veen et al., 2017). Modeling will also benefit from 

improved lineshape and decreased linewidth resulting from improved B0 shimming.

5. Conclusion

In summary, HERCULES is a novel acquisition and post-processing framework for the 

simultaneous editing and separation of seven low-concentration neurochemicals (including 

2- HG) in addition to six high-concentration metabolites. Anticipated developments in the 

postprocessing and spectral fitting of this multiplexed acquisition and quantification 

approach may increase the quality of multiplexed HERCULES editing. Future studies 

should rigorously investigate the accuracy, reproducibility, and reliability of HERCULES in 
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standard (or even smaller) voxels, and assess its sensitivity to motion to judge its potential to 

perform in pediatric, elderly and pathological cohorts. The combination of multiplexed 

editing and linear-combination modeling suggests that HERCULES could become a useful 

tool for probing several relevant biochemical systems in the human brain within clinically 

reasonable examination times.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations:

HERCULES Hadamard Encoding Resolves Chemicals Using Linear- combination 

Estimation of Spectra

GABA γ-aminobutyric acid

GSH glutathione

Asc ascorbate

NAA N-acetylaspartate

NAAG N-acetylaspartylglutamate

Asp aspartate

Lac lactate

2-HG 2-hydroxyglutarate

tCho total choline

Ins myo-inositol

Glu glutamate

Gln glutamine

tCr total creatine

DEW Double Editing With

HERMES Hadamard Encoding and Reconstruction of MEGA-Edited 

Spectroscopy

WM white matter
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GM grey matter

IWR interleaved water referencing

GPC glycerophosphorylcholine

Gly glycine

PCh phosphorylcholine

PCr phosphocreatine

PE phosphorylethanolamine

Scy scyllo- inositol

Ser serine

Tau taurine
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Figure 1. 
a. HERCULES editing scheme with editing lobes at 1.9 ppm (targeting GABA and 2- HG), 

4.18 ppm (targeting Asp, Asc, Lac), and 4.58 ppm (targeting GSH and NAAG). The 4.58 

and 4.18 ppm editing lobes are arranged symmetrically around the 4.38 ppm resonance of 

NAA. This design minimizes the contribution of highly concentrated NAA to the A-B+C-D 

difference spectrum, improving the segregation of the aspartyl signals of NAA and NAAG 

into orthogonal difference spectra. b. Example in vivo HERCULES sub-spectra A, B, C, and 

D, as produced by the editing scheme in 1a. Residual water signal has been filtered out. c. 
Example voxel placement in white-matter- and grey-matter-rich regions.

Oeltzschner et al. Page 17

Neuroimage. Author manuscript; available in PMC 2020 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Simulated basis functions of the Hadamard combinations for the eight coupled metabolites 

edited in the HERCULES experiment. Note the segregation of overlapping signals (e.g., 

GSH and GABA around 3 ppm) into orthogonal difference spectra (GSH in A-B+C-D, 

GABA in A+B-C-D), and the differentiation of the NAA- and NAAG-aspartyl singles at 2.6 

ppm in the A-B+C-D spectrum. The signal intensities represent equimolar concentrations.
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Figure 3. 
Phantom HERCULES data (black) showing the three Hadamard combinations overlaid by 

the multiplexed linear-combination model (red). The key spectral features of the eight edited 

metabolites are clearly visible. b. Overlay of the respective GABA- and GSH-edited 

difference spectra from HERCULES (orange) and HERMES (blue) from a white-matter 

voxel in one subject.
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Figure 4. 
a. In vivo HERCULES data (black) from one subject (grey-matter voxel), showing the three 

Hadamard combinations overlaid by the multiplexed linear-combination model (red). The 

key spectral features of the eight edited metabolites are clearly visible. b. Overlay of the 

respective GABA- and GSH-edited difference spectra from HERCULES (orange) and 

HERMES (blue) from a white-matter voxel in one subject.
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Figure 5. 
Multiplexed linear modeling of the in vivo HERCULES spectra from Fig. 4, using 

concatenated HERCULES basis functions. The basis set includes the seven edited 

metabolites after removing 2-HG from the basis set (Asc, Asp, GABA, GSH, Lac, NAA, 

NAAG). Together with five ‘conventionally accessible’ metabolites (Gln, Glu, Ins, tCr, 

tCho), a total of 12 metabolites can be quantified within a single HERCULES experiment 

(13 when including 2-HG in tumor).
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Figure 6. 
Quantitative analysis of HERCULES data with respect to total creatine (tCr = Cr+PCr) for 

eleven metabolites. The central horizontal line of each boxplot indicates the median; the top 

and bottom edges represent the 25th and 75th percentile, and the whiskers indicate the most 

extreme values. Significant differences between the GM and WM voxels appear for Asp (P = 

0.019), GABA+ (P = 0.007), NAAG (P < 0.001), tCho (P = 0.007), Gln (P = 0.027), and Glu 

(P < 0.001).
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Figure 7. 
HERCULES data modeling of the dataset from Figs. 4 and 5, for all four modeling 

approaches: HERCULES simultaneous modeling; and separate modeling of the sum and 

difference spectra. Red lines represent the best-fit model. Black lines represent in vivo data.
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Table 2.

Comparison of HERCULES CVs (mean value of grey-matter CVs and white-matter CVs) for low-

concentration edited metabolites with values calculated from previous reports in literature. All CV values are 

given in %.

Metabolite HERCULES CV [%] Literature CV [%] References Remarks

Asc 19 22-24 (Emir et al., 2011b) DEW @ 4T

13 (Terpstra et al., 2006) DEW @ 4T

23 (Terpstra and Gruetter, 2004) MEGA @ 4T

Asp 33 19 (Chan et al., 2017) HERMES @ 3T

GABA+ 14 12 (Mikkelsen et al., 2017) MEGA @ 3T

13 (Bogner et al., 2010) MEGA @ 3T

9 (Geramita et al., 2011) MEGA @ 3T

GSH 15 15 (Terpstra et al., 2003) DEW @ 4T

16-40 (Emir et al., 2011b) DEW @ 4T

16 (Chan et al., 2017) DEW @ 3T

NAAG 24 14 (WM) (Edden et al., 2007) MEGA @ 3T

(GM 29; WM 18) 18 (WM) (Chan et al., 2016a) HERMES @ 3T

16 (WM) (Chan et al., 2017) HERMES @ 3T

Lac 16 15-29 (Emir et al., 2011b) DEW @ 4T

23 (Chan et al., 2017) DEW @ 3T

Gln 35 26-53 (Goryawala et al., 2016) MRSI @ 3T

18 (Gonenc et al., 2010) Multi-TE @ 3T

24 (Jensen et al., 2009) 2D-JPRESS @ 4T
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