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Abstract— Introduction: Glutamine (Gln) and glutamate (Glu) signals are highly overlapped in 
the region of 2-2.5 ppm in human brain due to the resemblance of their spin systems, making it 
difficult to separate these metabolites using short-TE PRESS or STEAM at 1.5 T. These 
metabolites are highly important markers for many diseases, and accurately estimation of them is 
important. Methods: This study reports the detection of Glu and Gln at 3 T, and immune to the 
frequency drift. The echo times were optimized, with numerical analysis of the filtering 
performance, as {TE(1), TE(2), TE(3)} = {23, 74, 18} ms. The amplitude ratios of the filtered 
Glu and Gln multiplets with respect to 90°-acquisition were 28% and 60%, respectively. Results: 
Calculation indicated that the amplitude of filtered Gln peak is two-fold compared to STEAM 
scheme, regardless of the relaxation effects. Glu and Gln are detected at 2.29 ppm and 2.39 ppm 
simultaneously, without substantial interferences from the neighboring resonances in vivo. The 
filtered sum spectra with and without Gln in LCModel analyses, using density-matrix calculated 
spectra as basic functions. The concentration of Glu and Gln in hippocampus of healthy adults 
was estimated to be 2.8±0.7, and 10.5 ±0.6 mM respectively, and NAA of 9.7±0.6 mM, with 
reference to creatine at 8 mM. The fit standard deviations are10± 2%, 6±2 % and 2±1% 
respectively. Conclusion: The presented result shows the fully resolved and Glu and Gln which 
helps in accurate estimation of them in different diseases. 
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Introduction 
Glutamate (Glu) and glutamine (Gln) are two primary neurotransmitters in the central 
nervous system. Glutamate, the most abundant neurotransmitter in the brain, plays a central 
role in nitrogen metabolism and participates in multiple biochemical pathways. Glutamine 
(Gln) is mostly located in glial cells as the end product of Glu catabolism and is a reservoir 
for Glu production in the neuron. These two free amino acids involved in neuronal function, 
plasticity, metabolism, and excito-toxicity [1, 3, 4-7]. Overload Glu in the synaptic space 
induces neuro-toxicity, which has been linked to many degenerative diseases, including 
amyotrophic lateral sclerosis (ALS) [8], Alzheimer’s disease (AD) [9, 10], multiple sclerosis 
(MS) [11], Huntington’s disease (HD) [12], and to neuronal apoptosis injury, such as 
traumatic brain injury (TBI) [13],and stroke [14]. Since glutamate-glutamine cycle plays a 
role in the neuronglia communication in the synapse, it seems that impairment of glutamate-
glutamine cycle implicated in the pathophysiology of schizophrenia, where many evidences 
suggested that a dysfunction in glutamatergic neurotransmission might be involved in the 
patho-physiology of schizophrenia. Many MRS studies of schizophrenic patients reported a 
significant increase in glutamine level in the medial prefrontal cortex of never-treated 
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schizophrenic patients compared with controls, while others reported reduction of 
cerebrospinal fluid (CSF) levels of glutamate in patients with schizophrenia [15-21]. Gregor 
Hasler in 2007 [22], suggested that major depressive disorder (MDD) is associated with 
perturbations in the metabolism of the major excitatory and inhibitory neurotransmitters 
glutamate and gamma-aminobutyric acid (GABA), respectively. More recent neuro chemical 
studies concluded that severe depression is accompanied by perturbation of the metabolism 
of excitatory amino acids, especially of glutamate (Glu) [23-25]. Auer et al. in 2000 [21], 
reported a significant reduction of glutamate-glutamine (Glx) in the bilateral anterior 
cingulum in severely depressed patients. Colla et al [26], 2008 reported an increase of 
Hippocampal glutamate concentrations for patients with chronic bipolar disorder. Other 
studies pointed out that Glu and gln play a major role in patients with psychiatric disorders, 
such as idiopathic generalized epilepsy [27]. 
 
Consequently, we can conclude that noninvasive detection and accurate quantification of 
glutamate and glutamine have important clinical implications for the treatment of these 
various diseases. However, resolving and reliable detection of Glu and Gln using proton MR 
spectroscopy remain challenging at clinically available field strengths (1.5 T), where at 1.5 T 
(the most clinically field strength accessible), the resonances of these metabolites in the 
region of 2.2– 2.5 ppm, along with GABA, are completely collapse and mostly assigned to a 
mixture designated as Glx. Most reliable studies that reported resolved resonances of 
glutamate and glutamine used field strengths at 3 T or higher. Many methods proposed 
efficient detection of Glu and/or Gln in vivo, mainly at low- and mid-field strengths including 
spectral editing techniques, such as J-refocused editing and coherence transfer methods [6, 
28]. The multiple quantum coherence filtering method [29-31], the Carr-Purcell train 
refocusing method [32], and the spectrally selective refocusing method, which selectively 
measures Glu or Gln in separate scans [6]. 2D spectroscopy, such as COSY and 2D J-
resolved techniques [33], are among methods which recently developed and used for better 
resolving of the overlapping metabolites in the 1-4 ppm region [34-36]. 
 
Previous MRS method have been utilized to detect, and resolve Glu and Gln. These methods 
such as the chemical-shift-selective filter method [37], the constant time PRESS (CT-
PRESS) [38], optimizing the conventional sequences PRESS sequence with an echo time 
(TE) of 80 ms for detection of Glu at 3T. Standard STEAM [39] sequence involves two inter-
pulse timings TE and the mixing time (TM), with around (TE, TM) (80 ms, 50 ms) for 
detection of Glu, Gln, and GABA at 4T [1]. 
 
This article report the feasibility of using 1H-sepctroscopy at 3T for simultaneous detection 
of Glu and Gln which proven to be capable of fully-refocused signal return, and immune to 
the frequency drift. 
 
Method and Materials 
Spectral refocusing using PRESS sequence is used to resolve the overlapped C4 resonances of 
Glu and Gln at 3 T, in the regions of 2.25-2.45 ppm. As shown in Figure 1, only the signal from 
that target resonance will come out, while other signals suppressed. In this sequence, users can 
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control echo times (TE1, TE2, TE3), parameters such as shape, duration, flip angle, carrier 
frequency, and gradient parameters as slope, length and strength. 
Sub-echo times optimized, for simultaneous detection of the Gln and Glu C4 proton resonances, 
with density matrix simulation, which incorporating slice-selective RF and gradient pulses. An 
echo time set, (TE1, TE2, TE3) of (23, 74, 18) ms, was obtained to reduce the overlap between 
Gln and NAAAsp, maximize the Gln peak amplitude, and most importantly eliminate the 
overlap between Gln and Glu by suppressing the Glu signal. Published chemical shifts and 
coupling constants [3] used. Phantoms and In vivo tests of the filtering sequence conducted. 
 
Five phantoms of 3 mM Gln, 10 mM Glu, 1 mM GSH, 10 mM NAA, and 1 mM GABA were 
prepared, and one phantom contains all these metabolites with the same concentrations. All 
phantoms solutions have pH of 7.3-7.4. Cr, at 8 mM concentration, was added to all 
phantoms for frequency references and absolute concentration purposes. 
 
Nine healthy subjects, nine schizophrenia patients on medication (SV-ON), and three 
schizophrenia patients not in medication (SV-OFF) aged from 25-40 years old, were scanned. 
Written consent obtained prior to each scan. All phantoms and in vivo tests were carried out 
using 3 T Philips system, with a quadrature birdcage head coil for RF transmission and 
reception, a 50×15×15 mm3 was selected in the hippocampus of each volunteer and 25 x 25 x 
25 were selected for phantoms measurements. MP-RAGE (magnetization prepared rapid 
gradient echo) images used for in vivo voxel positioning. TR was 2000 ms, spectral 
bandwidth of 2500 Hz, and 2048 number of sampling points with 4 averages. The water 
signal was suppressed using WET [40] with four 28 ms long RF pulses (83.6, 98, 74, and 
158), and 600 Hz bandwidth. The non-space selective 180° RF pulse with Tp = 60 ms (65 ms 
for phantom) and BW = 270 Hz, tuned to 2.4 ppm, was applied between the slice-selective 
180° radiofrequency (RF) pulses of PRESS to refocus the resonances between 1.3 and 3.5 
ppm. Spatial localization was obtained with a 6.6 ms 90° RF pulse (BW = 6.3 kHz) and two 
8.9 ms 180° RF pulses (BW = 1.9 kHz). LC Model software [41] used for data analysis. 
 
Data Processing and Spectral Quantification 
The final Spectral quantification of the single-voxel 3T data obtained using LCModel, which 
uses a linear combination of individual metabolite model spectra in spectral analysis. The 
model spectra obtained either in vitro or from spectral simulation. Metabolites concentrations 
estimated from their dominant resonance by fitting the range1.0 - 4.1 ppm, and normalized to 
Cr concentration of 8 mM. The standard deviation for individual measured metabolites of the 
fitting procedure obtained by Cramér-Rao lower bounds (CRLB) [42]. This routine offered in 
the LCModel fitting indicates the good agreements between the experimental and fitted data, 
and returned as percentage standard deviation (%SD). 
 
Results and Discussion 
The presented in vivo concentrations of cerebral metabolites were obtained by examinations 
of brain hippocampus performed in 9 healthy and schizophrenia patients (On and OFF 
medication) adults aged 25-40 years. The study performed at 3.0 T with use of head coil to 
ensure homogeneous radio-frequency excitation and signal reception. Proton MRS Spectra 
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were obtained with three echo times of (18, 23, 74 simulation and in vivo, and 20, 20, 75 in 
phantom) that ensure to minimize the glutamate glutamine overlapping and maximize the 
glutamine concentration. Concentrations obtained by means of metabolites fitting procedure 
using CLModel software. The results provide a quantitative basis for studies of both in vivo 
normal human and SV patients. 
 
Figure 1 shows the calculated spectra for the studied metabolites using matrix simulation. 
Well separated glutamate and glutamine from the NAAAsp multiplet at 2.29 and 2.39 ppm. 
The Glu C4 proton resonance peak is at 2.29 ppm, with negligible overlap with the Gln peak. 
The amplitude ratios of the filtered Glu and Gln multiplets with respect to 90°-acquisition 
were 28% and 60%, respectively. A numerical calculation indicates that the amplitude of this 
filtered Gln peak is two-fold compared to that from the reported STEAM scheme [2], 
ignoring relaxation effects. It is predicted from the filtered sum spectra with and without Gln 
in Figure 2 that Glu and Gln can be detected simultaneously without substantial interferences 
from the neighboring resonances in vivo. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure. 1: Calculated spectra of Glu, Gln, NAA, GSH, GABA, NAAG and Cr for a 
concentration ratio of 10:3:10:1:1:2:8 respectively (using matrix simulation), following 90º-
acquisition and triple refocusing. The sub-echo times of triple refocusing TE1, TE2, and TE3 
are 23, 74, 18 ms respectively. The presence and absence of Gln make a noticeable difference 
in triple refocused spectra (indicated by an arrow). The Glu and Gln resonances at 2.29 and 
2.39 ppm indicated by vertical lines. Spectra are broadened to 0.04 ppm (5 Hz) for 
clarification 
 
The LC model fit result of the refocused spectrum shown in Figure.2, and Figure 3 presents 
filtered in vivo brain spectra from five healthy subjects. For the five healthy subjects, the 
concentrations of Gln, Glu and NAA in hippocampus were estimated to be 2.8±0.7, 10.5±0.6 
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and 9.7±0.6 mM with reference to Cr at 8 mM, with fit standard deviations of 10±2%, 6±2% 
and 2±1% respectively. 
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Phantom 
 
FIGigure.3: 2: In vivo (prefrontal), simulation (with and without Gln), and phantom 3T 
refocusing spectra. The dotted line are, at 2.29, 2.29 ppm , represent the location of Glu and 
Gln peaks respectively. all the spectra were calculated using total TE = 115 ms. Note the 
good agreement in the metabolites spectra pattern between the simulated and measured data. 
The similar spectra pattern between the invivo, simulation, and phantom ensures the 
fecibility of the triple refocusing method of refocusing the spectra of glutamate and 
glutamine peaks. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure.3: In vivo human brain spectra from the hippocampus (50x15x15 mm3) of 5 
healthy subjects, obtained with triple refocusing. TR = 2 s. TE = 115 ms. NEX = 512. 



Sapporo Medical Journal 
Volume 56, Issue 12, December 2022 

 

 

 
Figure 4 represents the LCModel fitting to the 5 in vivo spectra, notice that exact fit which 
shoe the viability of this method of resolving the glutamate and glutamine peaks, which make 
the fitting more accurate, that what the clinical needs to use this method in their daily routine. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 4: LCModel analysis of a triple-refocused spectrum. This LCModel fit shows the 
good agreements between the experimental and the fitting data. 
 
Table 1 presents the calculate concentration of the Gln and Glu along with other metabolites 
estimated by CLModel fitting method for phantoms and in vivo measurements. A previous 
[1] estimated concentration values for these metabolites are presented for comparison. As 
shown in this table the presented concentration of metabolites are similar the previous ones 
calculated by different method. 
 
Table1: The metabolites concentration as estimated by LCModel. The concentrations 
referenced to Cr of 8mM. Concentration of the same metabolites obtained by steam 
optimizations sequence [1] presented for comparison. Note the ability of the triple refocusing 
method of retain full metabolites signal which is reflect in the final concentration 
quantification. 
 

Presented    
Concentration ratio to Cr ± SD 

  
measure
ment 

     
         

 Subject Cr Glu Gln Cho Asp NAA GSH NAAG 
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 NC 1±2.4 1.6±9 0.52±11 1±3.3 0.3±24 1.0±3.3 
0.27±1
4 0.14±26 

 SV-ON 1±3 1.6±8 0.58±12 1.1±3.8 
0.33±2
4 1.1±3.8 

0.32±1
3 0.26±19 

 
SV-
OFF 1±2.6 1.4±9.6 0.42±17 1.2±3.3 

0.24±3
0 1.2±3.3 0.2±27 0.15±26 

Ref. [1] NC 1±0.27 
1.15±0.6
9 

0.64±0.5
5 0.17±0.04  

1.28±0.6
9   

 
Conclusion: 
We have demonstrated, through simulation calculations and experimental validation for 
phantoms and in vivo, that the Glutamate C4 multiplets proton resonance around 2.29 
ppm and the Glutamine C4 multiplets proton resonance around 2.39 ppm can be resolved 
3 T field strength. The advantages of the proposed approach are full signals resolved of 
these important amino acids, fully refocused signal return, impervious to frequency drift, 
and easy to implement since the frequency selective pulse are identical to the two slice 
selective pulses of normal PRESS sequence. Full resolving of these metabolites will 
open the door for accurate quantification of their concentration in many neuron diseases, 
which will be a great help in the clinical trials that based on these concentration in many 
treatments. 
 
References: 
[1] 1.Shaolin Yang, Jiani Hu, Zhifeng Kou, and Yihong Yang (2008) Spectral 

Simplification for Resolved Glutamate and Glutamine Measurement Using a 
Standard STEAM Sequence with Optimized Timing Parameters at 3, 4, 4.7, 7, and 
9.4T. Magnetic Resonance in Medicine 59:236–244 

 
[2] Provencher SW. Estimation of metabolite concentrations from localized in vivo proton 

NMR spectra. Magn Reson Med 1993;30:672–679. 
 
[3] Schousboe A, Westergaard N, Sonnewald U, Petersen SB, Huang R, Peng L, Hertz L. 

Glutamate and glutamine metabolism and compartmentation in astrocytes. Dev 
Neurosci 1993;15:359–366. 
 

[4] Yan Zhang 1, Jun Shen. Simultaneous quantification of glutamate and glutamine by J-
modulated spectroscopy at 3 Tesla. Magn Reson Med. 2016 Sep;76(3):725-32. 
https://pubmed.ncbi.nlm.nih.gov/26361892 
 

[5] Xi-Long Liu, Long Li, Jian-Neng Li, Jia-Hui Rong, Bo Liu and Ze-Xuan Hu. 
Reliability of Glutamate Quantification in Human Nucleus Accumbens Using Proton 
Magnetic Resonance Spectroscopy at a 70-cm Wide-Bore Clinical 3T MRI System. 
Frontiers on Neuroscience, 2017 December: volume 11, article 686. 
 



Sapporo Medical Journal 
Volume 56, Issue 12, December 2022 

 

 

[6] Faezeh Sanaei Nezhad,Adriana Anton,Emilia Michou,JeYoung Jung,Laura M. 
Parkes,Stephen R. Williams. Quantification of GABA, glutamate and glutamine in a 
single measurement at 3 T using GABA-edited MEGA-PRESS. NMR in 
Biomedicine Volume 31, Issue 1 e3847 
https://analyticalsciencejournals.onlinelibrary.wiley.com/doi/full/10.1002/nbm.3847 
 

[7] Alina Strasser, Gediminas Luksys, Lijing Xin, Mathias Pessiglione, Rolf Gruetter & 
Carmen Sandi. Glutamine-to-glutamate ratio in the nucleus accumbens predicts 
effort-based motivated performance in humans. Neuropsychopharmacology volume 
45, pages2048–2057 (2020) 

 
[8] E.P. Pioro, A.W. Majors, H. Mitsumoto, D.R. Nelson, T.C. Ng, 1H MRS evidence of 

neurodegeneration and excess glutamate + glutamine in ALS medulla, Neurology 
53 (1999) 71–79. 

 
[9] R.A. Moats, T. Ernst, T.K. Shonk, B.D. Ross, Abnormal cerebral metabolite 

concentrations in patients with probable Alzheimer disease, Magn. Reson. Med. 32 
(1994) 110–115. 

 
[10] Piero G. Antuono, Jennifer L. Jones, Yonker Wang and Shi-Jiang Li. Decreased 

glutamate + glutamine in Alzheimer’s disease detected in vivo with 1H-MRS at 
0.5 T. Neurology 2001;56;737-742 

 
[11] D. Pitt, P. Werner, C.S. Raine, Glutamate excitotoxicity in a model of 

multiple sclerosis, Nat. Med. 6 (2000) 67–70. 
 
[12] S.D. Taylor-Robinson, R.A. Weeks, D.J. Bryant, J. Sargentoni, C.D. Marcus, A.E. 

Harding, D.J. Brooks, Proton magnetic resonance spectroscopy in Huntington’s 
disease: evidence in favour of the glutamate excitotoxic theory, Mov. Disord. 11 
(1996) 167–173. 

 
[13] S. ASHWAL,1 B. HOLSHOUSER,2 K. TONG,2 T. SERNA,1 R. OSTERDOCK,3 

M. GROSS,1 and D. KIDO3. Proton MR Spectroscopy Detected 
Glutamate/Glutamine Is Increased in Children with Traumatic Brain Injury. 
JOURNAL OF NEUROTRAUMA, Volume 21, Number 11, 2004 

 
[14] G.J. Zipfel, D.J. Babcock, J.M. Lee, D.W. Choi, Neuronal apoptosis after CNS injury: 

the roles of glutamate and calcium, J. Neurotrauma 17 (2000) 857–869. 
 
[15] G. Sanacora, G.F. Mason, D.L. Rothman, K.L. Behar, F. Hyder, O.A. Petroff, R.M. 

Berman, D.S. Charney, J.H. Krystal, Reduced cortical gamma-aminobutyric acid 
levels in depressed patients determined 

 



 
 
Halima Hawesa              SMJ 

[16] by proton magnetic resonance spectroscopy, Arch. Gen. Psychiatry 56 (1999) 1043–
1047. 

 
[17] Philip Tibbo, M.D., F.R.C.P.C., Chris Hanstock, Ph.D., Agitha Valiakalayil, B.Sc., 

Peter Allen, Ph.D. 3-T Proton MRS Investigation of Glutamate and Glutamine in 
Adolescents at High Genetic Risk for Schizophrenia. (Am J Psychiatry 2004; 
161:1116– 1118) 

 
[18] 17-Elevated glutamine/glutamate ratio in cerebrospinal fluid of first episode and drug 

naive schizophrenic patients Kenji Hashimoto*1, Göran Engberg2, Eiji Shimizu1, 
Conny Nordin3, Leif H Lindström4 and Masaomi Iyo1. BMC Psychiatry 2005, 5:6 

 
[19] Javitt DC, Zukin SR: Recent advances in the phencyclidine model of schizophrenia. 

Am J Psychiatry 1991, 148:1301-1308. 
 
[20] Olney JW, Farber NB: Glutamate receptor dysfunction and schizophrenia. Arch Gen 

Psychiatry 1995, 52:998-1007. 
 
[21] Goff DC, Coyle JT: The emerging role of glutamate in the pathophysiology 

and treatment of schizophrenia. Am J Psychiatry 2001, 158:1367-1377. 
 

[22] D P Auer 1, B Pütz, E Kraft, B Lipinski, J Schill, F Holsboer. Reduced 
glutamate in the anterior cingulate cortex in depression: an in vivo proton 
magnetic resonance spectroscopy study. Biol Psychiatry. 2000 Feb 
15;47(4):305-13. doi: 10.1016/s0006-3223(99)00159-6. 
https://pubmed.ncbi.nlm.nih.gov/10686265/ 

 
[23] Gregor Hasler 1, Jan Willem van der Veen, Toni Tumonis, Noah Meyers, Jun 

Shen, Wayne C Drevets. Reduced prefrontal glutamate/glutamine and gamma-
aminobutyric acid levels in major depression determined using proton magnetic 
resonance spectroscopy. Arch Gen Psychiatry. 2007 Feb;64(2):193-200. 
https://pubmed.ncbi.nlm.nih.gov/17283286/ 
 

[24] The berge, J., Al-Semaan,Y.,Williamson, P.C., et al (2003) Glutamate and 
glutamine in the anterior cingulate and thalamus of medicated patients with 
chronic schizophrenia and healthy comparison subjects measured with 4.0-T 
proton MRS. American Journal of Psychiatry, 160, 2231-2233. 
https://pubmed.ncbi.nlm.nih.gov/14638596/ 
 

[25] Tibbo, P.,Hanstock,C.,Valiakalayil, A., et al (2004) 3-T proton MRS 
investigation of glutamate and glutamine in adolescents at high genetic risk for 
schizophrenia. American Journal of Psychiatry, 161,1116-1118. 
 



Sapporo Medical Journal 
Volume 56, Issue 12, December 2022 

 

 

[26] Agata Szulc1, Beata Galiƒska1, Eugeniusz Tarasow2, Bo˝ena Kubas2, 
Wojciech 
 

[27] Dzienis2, Jerzy Walecki2, Andrzej Czernikiewicz1. Glutamatergic system 
dysfunction in schizophrenia. A proton magnetic resonance spectroscopy (1H 
MRS) study. Pol J Radiol, 2004; 69(1): 33-36 
 

[28] M Colla1, F Schubert2, M Bubner1, J O Heidenreich3,4, M Bajbouj1, F 
Seifert2, A Luborzewski1, I Heuser1,5 and G Kronenberg1,5. Glutamate as a 
spectroscopic marker of hippocampal structural plasticity is elevated in long-
term euthymic bipolar patients on chronic lithium therapy and correlates 
inversely with diurnal cortisol. Molecular Psychiatry (2008), 1–9 

[29] G Helms, C Ciumas, S Kyaga and I Savic. Increased thalamus levels of glutamate and 
glutamine (Glx) in patients with idiopathic generalised epilepsy. J. Neurol. 
Neurosurg. Psychiatry 2006;77;489-494. 

[30] R.A. de Graaf, D.L. Rothman, Detection of gamma-aminobutyric acid (GABA) 
by longitudinal scalar order difference editing, J. Magn. Reson. 152 (2001) 124–
131. 

[31] J. Shen, D.L. Rothman, P. Brown, In vivo GABA editing using a novel doubly 
selective multiple quantum filter, Magn. Reson. Med. 47 (2002) 447–454. 

[32] C. Choi, N.J. Coupland, C.C. Hanstock, C.J. Ogilvie, A.C. Higgins, D. 
Gheorghiu, P.S. Allen, Brain gamma-aminobutyric acid measurement by proton 
double-quantum filtering with selective J rewinding, 

[33] Magn. Reson. Med. 54 (2005) 272–279. 
[34] Thompson RB, Allen PS. A new multiple quantum filter design procedure for use on 

strongly coupled spin systems found in vivo: its application to glutamate. Magn 
Reson Med 1998;39:762–771. 

[35] J.E. Jensen, B.D. Frederick, L. Wang, J. Brown, P.F. Renshaw, Twodimensional, J-
resolved spectroscopic imaging of GABA at 4 Tesla in the human brain, Magn. 
Reson. Med. 54 (2005) 783–788. 

[36] D. Mayer, D.M. Spielman, Detection of glutamate in the human brain at 3 T using 
optimized constant time point resolved spectroscopy, Magn. Reson. Med. 54 (2005) 439– 

[37] 11. Thomas MA, Ryner LN, Mehta MP, Turski PA, Sorenson JA. Localized 2D J-
resolved 1H MR spectroscopy of human brain tumors in vivo. J Magn Reson 
Imaging 1996;6:453–459. 

[38] Thomas MA, Yue K, Binesh N, Davanzo P, Kumar A, Siegel B, Frye M, Curran J, 
Lufkin R, Martin P, Guze B. Localized two-dimensional shift correlated MR 
spectroscopy of human brain. Magn Reson Med 2001; 46:58–67. 

[39] Schulte RF, Trabesinger AH, Boesiger P. Chemical-shift-selective filter for the 
in vivo detection of J-coupled metabolites at 3T. Magn Reson Med 2005;53:275–
281. 

[40] R. Hurd, N. Sailasuta, R. Srinivasan, D.B. Vigneron, D. Pelletier, S.J. Nelson, 
Measurement of brain glutamate using TE-averaged PRESS at 3 T, Magn. Reson. 
Med. (2004) 435–440. 



 
 
Halima Hawesa              SMJ 

[41] Mayer D, Spielman DM. Detection of glutamate in the human brain at 3 T using 
optimized constant time point resolved spectroscopy. Magn Reson Med 2005;54:439–
442. 

[42] Thompson RB, Allen PS. Response of metabolites with coupled spins to the 
STEAM sequence. Magn Reson Med 2001;45:955–965. 

[43] Ogg RJ, Kingsley PB, Taylor JS. WET, a T1- and B1-insensitive water 
suppression method for in vivo localized 1H NMR spectroscopy. J Magn Reson B 
1994;104:1–10. 

[44] Provencher SW. LCModel User's Manual, version 5.1. 1997. http://s-
provencher.com/pub/LCModel/manual/manual.pdf 

[45] Cavassila S., Deval S., Huegen C., van Ormondt D. and Graveron-Demilly D. 
Cramér-Rao bound expressions for parametric estimation of overlapping peaks: 
influence of prior knowledge. J Magn Reson 2000; 143(2): 311-320, 
doi:10.1006/jmre.1999.2002. 

 
 

This work is licensed under a Creative Commons Attribution Non-
Commercial 4.0 International License. 

 


