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Graphical Abstract

Frequency drifts during a long spectral editing experiment change the frequency of the editing 

pulse relative to that of metabolites, leading to errors in quantification. In this article we describe a 

retrospective method to correct for frequency drifts in spectral editing. Our results demonstrate the 

effectiveness of the correction method and aslo the remarkable robustness of a GABA editing 

technique with a top hat editing profile in the presence of frequency drifts.
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Introduction

GABA is the major inhibitory neurotransmitter in the mammalian central nervous system 

(1). In the cerebral cortex of healthy human brain, the concentration of GABA is 

approximately 1 mM (2). GABA editing by in vivo magnetic resonance spectroscopy has 

become an established method for measuring GABA levels in human brain in various brain 

disorders (3). Because GABA levels are intrinsically low and many clinical manifestations 

of GABAergic abnormalities are subtle (e.g., 4, 5) GABA editing often requires an 

acquisition of 20 to 30 minutes to obtain a usable signal to noise ratio (SNR). This long 

acquisition time however renders the data sensitive to frequency drift, as the location of the 

editing pulse in the frequency domain changes relative to the shifting metabolite spectrum 

the editing efficiency will change as well. Several sources contribute to frequency shifts in 

clinical studies including imprecise pre-scan frequency calibration, gradient-coil cooling 

after a gradient-intensive scan, and patient motion. Patient motion may introduce bias when 
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normal volunteers are compared to patients, who are more likely to move during the scan. 

Furthermore the GABA signal is obtained using a two-step GABA J-editing technique 

(2,6,7). Taking the difference between an edit-on and an edit-off acquisition may lead to 

additional errors in the GABA measurement while frequency is drifting.

Although phase and frequency variations during long MRS scans are generally corrected 

based on information obtained from the water signal, the presence of a frequency-selective 

pulse in an editing experiment such as GABA editing adds new complexities to frequency 

and phase corrections. In the case of GABA editing, the editing uses the J coupling between 

the observed protons at 3.01 ppm on the GABA C4 carbon and the edited protons around 

1.89 ppm on the C3 carbon. The gap between observed and edited groups is also influenced 

by the coupling between the groups, the edited C3 protons are spread out by the J coupling 

from the C4 and the C2 protons. The separation between the edited and observed proton 

groups of around 1 ppm requires an editing pulse with a steep transition, making the editing 

effect very sensitive to frequency drift for the metabolites in this transition area. The 

sensitivity to frequency drift is further complicated by the co-edited macromolecule group 

M7 at 3.01 ppm that couples to the group M4 around 1.72 ppm (15). The separation of about 

22 Hz at 3 Tesla between the GABA C3 protons and the M7 group is too small to avoid co-

editing. The exact composition of the macromolecules in the M4 and M7 group is unknown 

and may have a wide range of shifts and J couplings. The unavoidable location of the M4 

group in the effective area of the editing pulse will increase the instability with an unknown 

amount with frequency drift whether the sequence is set up to avoid editing or to suppress 

the edited M7 contribution (8). This phenomenon explains the large variations in GABA 

when measured using an editing pulse with a pointed frequency profile (e.g., a Gaussian 

pulse). The sensitivity in GABA editing efficiency to frequency drift can be mitigated by 

adopting an editing pulse with a top hat frequency profile (6) that covers both the edited 

GABA C3 location at 1.89 ppm and the macromolecular M4 group around 1.72 ppm. 

However, other metabolites such as NAA and Glx are still affected by frequency drift, 

compromising the overall information content of the data. The optimal way to address this 

problem is to monitor and compensate frequency drift during the scan by updating scanner 

B0 during scanning (9,10). These techniques will also correct for the varying contribution of 

the macromolecular contribution to the total GABA signal. However for large amount of 

data, in literature and at our site, the technical part of these methods have not been 

implemented in the sequence and only a retrospective method can be used

Here we present a novel retrospective method to correct frequency drift during spectral 

editing experiments. Theoretically, the effect of the editing pulse on each individual 

metabolite can be simulated to generate an array of basis sets for each small frequency shift 

of the metabolite. Then, before signal averaging, one may fit each individual spectrum based 

on its individual frequency shift. Unfortunately, such an approach is problematic because 

each individual spectrum is of very low SNR. Unlike global phase and frequency correction, 

correction of changes in editing efficiency by spectral fitting requires sufficiently high SNR. 

The dilemma is that the history of frequency and phase shift during the long scan is lost once 

signal averaging takes place to gain high SNR necessary for spectral fitting.
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In this work we generated an array of basis sets as a function of frequency offset of the 

metabolite chemical shifts. We obtained the history of frequency drift during a long scan 

from the residual water signal in each individual spectrum. Then we generated a new basis 

set from the histogram of offsets for the averaged spectrum by taking into account its history 

of frequency drift retrospectively. In this way the problem of low SNR of each individual 

spectrum was solved. Evaluating GABA editing data acquired from 135 healthy subjects 

using an editing pulse with a top hat frequency profile showed that the NAA signal at 2.04 

ppm in the transition region of the GABA editing pulse (6) and the creatine signal at 3.91 

ppm in the transition region of the water suppression pulses are most affected by frequency 

drift. The proposed retrospective frequency drift correction method can effectively correct 

signal distortion due to frequency drift over long data acquisition. In addition, our results 

experimentally validated that GABA editing using an editing pulse with a top hat frequency 

profile is highly robust with respect to the magnitude of frequency drift encountered in a 

typical clinical setting.

Methods

Scanning

135 healthy volunteers participated in IRB approved protocols 95-M-0150 and 00-M-0085 

between February 2008 and January 2015 (11). The volunteers were scanned on a 3 Tesla 

whole body scanner (GE, Milwaukee, WI, 14M4 platform) with a quadrature single channel 

transmit / receive RF coil (IGC Medical Advances, Milwaukee, WI, USA). Scan sessions 

began with a T1-weighted anatomical scan by a three dimensional spoiled gradient echo 

sequence (SPGR: Repetition time (TR) = 24 ms, echo time (TE) = 3.2 ms, flip angle = 17 

degrees; in plane resolution = 0.9 mm × 0.9 mm; matrix size = 192 × 256; field of view = 

240 mm × 240 mm; slice thickness = 2 mm; total scan time = 2 min 32 s). A second 

anatomical image with the same sequence parallel to the anterior portion of the corpus 

callosum was made to prescribe the spectroscopy voxels on. Spectra were acquired from two 

voxels of 2 * 2 * 4.5 cm3 with the long dimension in the anterior – posterior direction. One 

voxel was placed immediately superior to the ventricles, straddling the midline in order to 

contain the largest proportion of gray matter possible, with the anterior edge of the voxel 

never exceeding the anterior portion of the genu of the corpus callosum. This resulted in 

inclusion of the corpus callosum, medial prefrontal cortex and anterior cingulate cortex. 

Another voxel was placed directly adjacent to the first one, in the right frontal white matter. 

It was positioned to minimize gray matter and cerebrospinal fluid (CSF) contribution and 

always to remain dorsal to the caudate nucleus (Figure 1). The GABA editing sequence is a 

standard GE PRESS sequence (6,12) with an additional pair of editing pulses, TE = 68 ms; 

TR = 1.5 s. The flip angle of refocus pulses in the PRESS sequence in the standard GE 

sequence was reduced to 167 degrees to reduce the maximum B1 and maintain a bandwidth 

of 1384 Hz. The water suppression consists of a cascade of three pulses for chemical-shift 

selective water suppression (CHESS) (13) with a bandwidth of 150 Hz at 3 Tesla. The 

standard calibration of the water suppression deliberately leaves a residual water signal of 

about 1%. The wide bandwidth of the water suppression and the relative high amplitude of 

the residual water relative to the metabolites (about a factor of 100) guarantee a stable 

reference for frequency and amplitude correction. The creatine signal at 3.03 ppm could be 
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used as a reference as well (14) but its amplitude is comparable to the other metabolites so 

the standard deviation of the fit will propagate to the parameters of the other metabolites. 

The editing pulse (14.4 ms, γB1max = 243.29 Hz) has a top-hat profile with an inversion 

range from 1.9 ppm to 0.6 ppm that covers both the GABA protons on C3 at 1.89 ppm, the 

M4 group of the macromolecules at 1.72 ppm that couple with group M7 at 3 ppm (15), and 

partially covers the glutamate and glutamine protons on their C3 and C4 carbons (12). The 

transition band in the metabolite spectrum ranges from 2.42 (10% of maximum) to 1.88 

(90% of maximum) ppm. The editing pulse was switched on (edit-on) and off (edit-off) 

during even- and odd numbered saved scans. The number of repetitions was 768 plus 16 

acquisition of unsuppressed water at the end. The total scan duration was 20 minutes. The 

phase cycling of the standard GE PRESS sequence is constrained to a minimum of two steps 

(NEX=2), alternating the sign of the 90 excitation pulse, and the acquisitions are averaged 

in-scanner and then saved for post processing.

Data averaging

An array of basis sets as a function of frequency offset of the metabolites were generated. 

The history of frequency drift during the scan was obtained from the residual water signal in 

each individual spectrum and a histogram was created with the fractional distribution of 

offsets in intervals of one hertz. The frequency drift histogram was then used to generate a 

new averaged basis set by using basis sets matching the history of frequency drift. 

Specifically, the spectroscopy data were processed in the time domain as shown in the flow 

chart in figure 2: eight (16/NEX) saved unsuppressed water acquisitions made at the end of 

the scan were phase- and frequency- corrected, and summed to obtain a water reference 

signal. The water reference signal was fitted using the Hankel Singular Value Decomposition 

(HSVD) (16) (nroots=64). The singular value components with an amplitude greater than 

1/5000 of the maximum water amplitude were selected to construct a noise-free water 

reference signal with a smooth phase. The phase of this signal was used to correct all the 

water-suppressed acquisitions individually for eddy currents and residual water sidebands 

(17) by multiplying each acquisition with a phase and frequency correction function, 

exp(−i*phase(t)). To correct for subject motion, the spectroscopy data were evaluated by 

comparing the amplitude of the residual water signal of each of the 384 (768/NEX) scans. A 

pair of edit-on and edit-off acquisitions were rejected if their respective residual water 

amplitude deviated more than 10%. To further correct for subject motion the phase of each 

residual water signal was used to phase- and frequency- correct each scan as described 

previously (12,18,19). The scans were then averaged to one edit-off signal, one edit-on 

signal, and one difference signal to reveal the GABA C4 signal. The same HSVD algorithm 

(nroots=64) was then used to remove the residual water from these three spectra (17).

Simulation

The updated quantum mechanical simulation C++ library GAMMA (20) was obtained from 

http://scion.duhs.duke.edu/vespa/gamma and used to simulate the effects of the GABA 

editing sequence. The effects of RF shapes, water suppression, crusher gradients, and the 

various coherence pathways were fully simulated (21, 22) for 21 editing frequency offsets 

(from −10 Hz to 10Hz at 1 Hz steps with respect to the water signal at 4.65 ppm) were 

calculated using the NIH Biowulf system (23). Simulations consisted of 64 by 64 locations 
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in the transverse plane selected by the 167 degree refocusing pulses over an area of 8 cm by 

8 cm to fully cover the spectroscopy voxel and its surrounding volume. In a sub loop in the 

simulation an additional averaging step encompassed an average of 8 × 8 × 8 spatial micro 

steps in the three voxel dimensions to simulate the phase averaging effects of the gradient 

crushers (21). The simulated signals were normalized according to the number of proton 

spins in the metabolites. Chemical shifts and J couplings for the metabolites were obtained 

from the literature as described in the fitting section. Metabolite signals were simulated for 

both the edit-on and edit-off scans to obtain the difference signals. For each metabolite the 

results for each spin was saved separately to allow to construct a reference signal for 

different moieties of a metabolite. This was done to accommodate a difference in offsets 

from the literature values and to allow to freely fit amplitudes and frequency offsets of 

singlets and coupled spin systems.

Fitting

Spectral fitting was performed using a Levenberg- Marquardt non-linear fitting program 

MPFIT (24) written in IDL (Harris Geospatial Solutions, Boulder Colorado, USA). The 

MPFIT program fitted the simulated metabolite reference signals to the three time domain 

signals: the edit-off, the edit-on, and the difference signal simultaneously using only one 

parameter set. For each simulated metabolite reference signal five parameters were fitted: 

two amplitude parameters (absolute amplitude and phase), two line width parameters for a 

Voigt type line, and a frequency offset parameter. The phase, line shape and frequency offset 

parameters were shared by all metabolites in the fitted spectrum.

Reference signals were simulated for NAA (NAA_ASP for the coupled spins and NAA_AC 

for the singlet to avoid contamination of the NAA singlet by the coupled spin group that 

overlaps with other metabolites) (25), NAAG (25 with couplings for the glutamate moiety 

from glutamate), creatine (CRE1 peaks at 3.03 ppm and CRE2 peaks at 3.91 ppm, 1/2 

creatine and 1/2 phosphocreatine (26) with the sum of the two compounds to account for the 

broader lineshape of the compound peak at 3.91 ppm), choline (GPC_PCH 1/3 

phosphorylcholine (PCH) and 2/3 glycerophosphocholine (GPC) (26) the sum was used 

since the coupled spin groups are too weak to be fitted separately), myo-inositol (MIO) (26), 

glutamate (GLU1 peaks at 3.75 ppm and GLU2 peaks between 2.4 ppm and 1.9 ppm to 

allow a separate fit of the isolated doublet at 3.75 ppm in the difference signal) (26), 

glutamine (GLN1 peaks at 3.77 ppm and GLN2 peaks between 2.5 ppm and 2 ppm to allow 

a separate fit of the isolated doublet at 3.75 ppm in the difference spectrum) (26), scyllo-

inositol (SCI) (25), glutathione (GSH) (27), and GABA (28). The GABA reference signal 

consists of two GABA moieties, GABA1 for spins between 1.7 and 2.4 ppm, GABA2 for 

spins at 3.01 ppm, and a macromolecular contribution (MM). The macromolecular signal 

M7 (15) that is J coupled to group M4 at 1.7 ppm was represented by a Gaussian shaped line 

in the frequency domain at the location of the GABA C4 proton (3.01 ppm). The ratio of the 

GABA to macromolecular contribution was fixed to 0.39:0.61, optimized for the best fit of 

the shape of the total GABA signal in the difference signal (21).
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For visual presentation the processed time domain data was multiplied by a 5.9 Hz positive 

exponential function and by a 6.6 Hz Blackman-Harris window before transforming to the 

frequency domain.

Segmentation

Tissue composition of the spectroscopy voxels was determined from the segmented SPGR 

anatomical scan with the SPM5 program (29). With an in-house developed IDL program the 

fractions of gray matter (GM), white matter (WM), and cerebrospinal fluid (CSF) were 

determined from the spectroscopy voxel coordinates in the segmented images (12).

Results

The frequency variation found over the 135 healthy volunteers contained an initial 

inaccuracy due to prescan calibration and subsequent drift over the entire scan. The average 

initial calibration error was −1.2 Hz with a standard deviation of 1.6 Hz. The magnitude of 

the drift over the scan was on average 2.6 Hz with a standard deviation of 1.7 Hz. The 

maximum drift measured in the cohort was 10.1 Hz.

The fit to the 135 healthy volunteers was shown in figure 3 for the edit-off a), edit-on b), and 

difference c) spectrum. The red lines show the standard deviation over the 135 volunteers. In 

the edit-on spectrum the frequency profile of the higher frequency transition area of the 

editing pulse is shown as a dotted line with the NAA peak at 2.01 ppm in the transition 

region. To test the effect of the frequency drift correction the fit was performed using 

separate metabolite amplitude parameters for each of the edit-off, edit-on, and difference 

spectra. The fitted metabolite amplitudes for the creatine peak at 3 ppm (CRE1), the NAA 

peak at 2 ppm (NAA_AC), the glutamate peaks around 2.3 ppm (GLU2), and the GABA 

peak at 3 ppm (GABA2) were plotted as a function of the average offset of the scan for the 

135 volunteers, with and without offset correction. The amplitudes from CRE2, GLU2, and 

GABA2 were normalized by the CRE1 amplitude and the amplitude for the edit-on NAA 

amplitude (NAA_ed) was normalized by the edit-off NAA amplitude (NAA_ne). A linear 

regression analysis was performed to reveal changes in standard deviation (SD) of the 

normalized metabolite amplitudes after frequency drift correction. The results are tabulated 

in table 1. The large reduction in both slope and R2 after correction indicates successful de-

correlation of metabolite signals with frequency drift by the proposed method.

The effect of the offset of the water suppression pulse on the CRE2/CRE1 ratio of the MPFC 

voxel was plotted in figure 4. The creatine peak at 3.9 ppm lies in the transition region of the 

water suppression pulse (see figure 3a). A strong correlation between the average frequency 

offset and CRE2/CRE1 amplitude exists for the uncorrected data with an R2 of 0.80 (MPFC) 

and 0.85 (FWM), respectively. After correction the R2 is reduced to below 0.1 and the 

standard deviation is reduced from 9.09 % (MPFC) and 10.6 % (FWM) before correction to 

4.11% (MPFC) and 4.38 % (FWM) after correction. The frequency drift effect of the editing 

pulse on the NAA amplitude of the MPFC voxel of the edit-on data normalized by the NAA 

amplitude of the edit-off data was plotted in figure 5. The NAA peak at 2.01 ppm lies in the 

transition region of the editing pulse (see figure 3b). The correlation between the ratio of 

NAA of the edit-on to that of the edit-off spectrum and the offset of the editing pulse is also 
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highly significant, indicating frequency drift has a severe impact on NAA measurement. 

This undesirable effect was significantly reduced after our correction scheme as shown by 

Table 1 and Fig. 5.

The main spectral line of the glutamate group at 2.28 ppm is coupled to the protons at its C3 

carbon around 1.89 ppm, which is located at the top of the transition region of the GABA 

editing pulse profile. This makes the glutamate signal less sensitive to frequency drift than 

the NAA peak. The effect of the frequency shift on the co-edited GLU2/CRE1 amplitude is 

plotted in figure 6. Its standard deviation changed from 9.7 % (MPFC) and 10.9 % (FWM) 

before frequency drift correction to 8.5 % and 9.1 % after correction. The corresponding R2 

changed from 0.229 (MPFC) and 0.26 (FWM) before frequency drift correction to 0.027 and 

0.009 after correction. The effect of frequency drift correction on the GABA peak at 3.01 

ppm in the difference spectrum was shown in figure 7. The GABA peak at 3.01 ppm is 

coupled to the GABA group at 1.89 ppm which is mainly located at the edge of the flat 

region of the editing pulse and the macromolecular group M4 at 1.72 ppm in the flat region 

of the editing pulse frequency response by pulse design (see figure 3b). As expected, 

frequency drift correction had no significant effects on its statistics, therefore, 

experimentally validating the robustness of GABA editing using an editing pulse with a top 

hat frequency profile.

Discussion

Changes in GABA concentrations in many mental illnesses can be very subtle (4,11). This 

puts stringent requirements on the reproducibility of the GABA editing sequence. To 

compound the difficulties, it is often more difficult to prevent slight head motions of patients 

with mental illnesses during the relatively long GABA scans. If uncorrected, the difference 

in head motion between patients and healthy controls can bias the results. A prospective 

correction method (9,10) will control for this sensitivity but in situation where scans have 

been made for years without these techniques only a post acquisition method can be used. 

We have developed the retrospective frequency drift correction method that requires only 

additional post acquisition data processing. Our results using the largest cohort of healthy 

volunteers undergoing GABA measurements to date unequivocally demonstrated the 

robustness of our approach. In comparison, metabolites, such as NAA, lying in the transition 

region of a frequency-selective pulse are found to be more prone to errors caused by 

frequency drift, confirming that an editing pulse profile with a sharp tip requires high 

cooperation from patients and high system stability.

A method to limit the change in GABA amplitude is to test for drift and threshold the data to 

tolerate a maximum amount of drift (30) but this results in loss of valuable patient data and 

the remaining data are still biased since the effect is not eliminated but reduced. When a 

greater number of scans are required to reach a statistically significant difference between 

normal volunteers and patients the bias can be highly detrimental to the integrity of the 

study.

Although GABA is not affected by frequency drift in our study, NAA, the creatine 

methylene group and glutamate are still affected. Without correction the overall information 
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content of the data would be degraded as both NAA and glutamate are highly relevant for 

many brain studies. The effects of frequency drift on NAA, glutamate and creatine 

methylene protons (and on GABA if an editing pulse with a sharp tip is used) are largely due 

to the presence of the editing pulse per se. Conventional phase correction techniques cannot 

restore altered editing yield. The technique presented here uses basis sets that have taken the 

altered editing yield into account. Our results using a very large number of subjects showed 

that this approach is highly effective. We speculate that GABA data that are acquired using a 

highly selective editing pulse with a sharp frequency response can be corrected in a similar 

fashion.

In conventional data fitting a single set of basis functions is used. In the case of spectral 

editing experiment the editing pulse is assumed to be on-resonance. The proposed technique 

requires creating an array of basis function sets instead of a single set. Fitting each 

individual spectrum of low SNR without sufficient signal averaging is problematic while 

signal averaging itself erases the history of frequency drift, which is the key for frequency 

drift correction. The proposed technique solved this problem by creating a set of basis 

functions for each scan session based on its unique frequency drift history. The downside is 

increased computational load. Luckily, the array of basis functions corresponding a 

particular frequency drift value needs to be calculated only once. We have found that, with 

our data rejection criterion, a +/− 10 Hz range with a step of 1 Hz was sufficient to cover all 

135 normal volunteers. A wider range may be needed to cover the frequency drift range of a 

patient population.

The simulation of the macromolecules under editing is still problematic. Literature values 

for shifts and couplings are fragmented. In our case the M4 group at 1.72 ppm are well in 

the flat area of the editing pulse and the editing efficiency is not affected by large drift in 

frequency. For other editing pulses it should be possible to approximately simulate the effect 

of editing using the GABA parameters with the C3 proton chemical shift at 1.89 ppm 

replaced with the chemical shift of 1.72 ppm of the M4 macromolecular group (15) and use 

the amplitude of the observed C4 protons at 3.01 ppm. COSY experiments in rat brain show 

the separate signals of GABA and the M4 and M7 macromolecular groups and demonstrate 

the feasibility of such an approach (31). This simple approximation of the macromolecule 

contribution could be tried to to compensate frequency drift post acquisition in data from 

editing sequences with sharp frequency profiles over the GABA and M7 edited locations.

Although the current study is limited to correcting signal intensity distortions associated 

with GABA editing the general idea of synthesizing a set of basis function based on history 

of frequency drift to fit experimental data should be broadly useful even in the absence of 

frequency selective editing pulses.

Abbreviations

GABA γ-Aminobutyric acid.

SNR Signal to Noise Ratio.

GM Gray matter.
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WM White Matter.

CSF Cerebrospinal Fluid

MPFC Medial Prefrontal Cortex.

FWM Frontal White Matter.

SPGR Spoiled Gradient Echo.

PRESS Point Resolved Spectroscopy.

CHESS Chemical-Shift Selective water suppression.

NEX Number of averages in-scanner.

MM Macromolecules.

M7 Macromolecule group M7 at 3 ppm.

M4 Macromolecule group M4 at 1.72 ppm.

HSVD Hankel Singular Value Decomposition.

nroots number of roots in HSVD.

NAA N-acetylaspartate.

NAA_ne Edit-off signal of NAA.

NAA_ed Edit-on signal of NAA.

NAA_ASP N-acetylaspartate aspartate moiety only.

NAA_AC N-acetylaspartate acetyl moiety only.

NAAG N-acetylaspartylglutamate.

CRE1 creatine peaks at 3.03 ppm.

CRE2 creatine peaks at 3.91 ppm.

GPC glycerophosphocholine.

PCH phosphorylcholine

MIO myo-inositol

GLU1 glutamate peaks at 3.75 ppm

GLU2 glutamate peaks between 2.4 ppm and 1.9 ppm.

GLN1 glutamine peaks at 3.77 ppm

GLN2 glutamine peaks between 2.5 ppm and 2 ppm.

SCI scyllo-inositol.
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GSH glutathione.

GABA1 γ-aminobutyric acid peaks between 1.7 and 2.4 ppm.

GABA2 γ-aminobutyric acid peaks at 3.01 ppm.
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Figure 1. 
The averaged locations of the FWM voxel (yellow) and the MPFC voxel (red) over the 135 

normal volunteer scans after registration to standard space. The green lines through the 

center of the voxels show the location of the three image planes.
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Figure 2. 
Flow chart of data processing. On top are the 768 edit-off and edit-on (E prefix) interleaved 

acquisitions with the 16 water reference scans at the end of the scan. The processing steps 

consist of eddy current correction with the phase obtained from the HSVD fit on the phase 

and frequency corrected sum of the 16 water reference scans, similar phase and frequency 

drift correction for each individual acquisition prior to data summation, final residual water 

removal in the edit-off and edit-on signal by the HSVD, frequency drift histogram for 

reference signal averaging, and the final spectral fitting of the edit-on, edit-off and difference 

signals.
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Figure 3. 
The average of the 135 simultaneous fits to in vivo a) edit-off, b) edit-on, and c) difference 

spectra. Starting from the top: the simulated metabolite reference spectra, the sum of the 

fitted metabolite spectrum, the original data, and the residual of the fit. The simulated 

metabolite spectra are labeled with the metabolite abbreviation and the source of chemical 

shifts and coupling constants: RK, dG and G stand for R. Kreis (28), R. de Graaf (26), and 

V. Govindaraju (25) respectively. NAA_AC is the reference signal of the Acetyl moiety, 

NAA_ASP is the reference signal for the aspartate moiety. GLU1 and GLN1 are the 

reference signals for the 2C proton groups and GLU2 and GLN2 are the reference signals 

for the 3C and 4C proton groups of glutamate and glutamine respectively. GABA1 are the 

reference signals for the 2C and 3C proton groups and GABA2 the 4C proton group of 

GABA. The dotted line in a) shows the frequency response of lower frequency transition 

area of the water suppression pulse from 4.1 ppm to 3.5 ppm and in b) shows the higher 

frequency transition area of the GABA editing pulse. The red lines show the standard 

deviation over the 135 volunteers.
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Figure 4. 
The ratio of the creatine peak at 3.9 ppm (CRE2) to the creatine peak at 3.03 ppm (CRE1) of 

the 135 subjects as a function of the average frequency offset over the entire scan. The left 

panel is the amplitude ratio without frequency drift correction and right panel is with 

correction. The creatine peak at 3.9 ppm is in the transition region of the water suppression 

pulses, making it sensitive to frequency drift during the scan. The solid lines are the best 

linear fit to the data and the dotted lines are the P=0.01 confidence range. The line fit 

statistics were listed in table 1.
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Figure 5. 
The ratio of the edit-on NAA peak at 2.01 ppm (NAA_ed) to the edited-off NAA peak 

(NAA_ne) of the 135 subjects as a function of the frequency offset averaged over the entire 

scan. The left panel is the amplitude without frequency drift correction and right panel is 

with correction. The NAA peak is in the transition region of the editing pulse, making it 

sensitive to frequency drift during the scan. The solid lines are the best linear fit to the data 

and the dotted lines are the P=0.01 confidence range. The line fit statistics were listed in 

table 1.
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Figure 6. 
The ratio of the edited glutamate peaks between 2.4 ppm and 1.8 ppm (GLU2_ed) and the 

creatine peak at 3.03 ppm (CRE1) of the 135 subjects as a function of the frequency offset 

averaged over the entire scan. The left panel is the amplitude without offset correction and 

right panel is with offset correction. The glutamate peaks that are coupled to the GLU2 

peaks are located around 1.89 and in the top of the transition region of the editing pulse 

profile, making them less sensitive to frequency drift than NAA. The solid lines are the best 

linear fit to the data and the dotted lines the P=0.01 confidence range. The line fit statistics 

are given in table 1.
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Figure 7. 
The ratio of the GABA peak in the difference spectrum at 3.01 ppm (GABA2) to the 

creatine peak at 3.03 ppm (CRE1) of the 135 subjects as a function of the frequency offset 

averaged over the entire scan. The left panel is the ratio without frequency drift correction 

and right panel is with correction. The GABA peak that is coupled to the GABA peak at 

3.01 ppm is located at 1.89 ppm and in the flat region of the editing pulse profile, making it 

insensitive to offset drift during the scan. The solid lines are the best linear fit to the data and 

the dotted lines the P=0.01 confidence range. The line fit statistics are given in table 1.
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