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For the H4 protons of glutamate (Glu), glutamine (Gln), and the glutamyl moiety of glutathione (GSH), the effect of the internal strong scalar coupling between the two nonequivalent H4 protons is far greater than that of the external couplings between the H3 and H4 protons. In this work, the roles of the internal and external scalar coupling terms in the dependence of Glu, Gln, and glutamyl GSH H4 peak amplitudes on the placement of the refocusing pulses of the point resolved spectroscopy sequence were investigated by full density matrix simulations. These strong coupling effects allowed practical and approximately simultaneous maximization of the sensitivity of the spectrally resolved Glu, Gln, and glutamyl GSH H4 pseudo singlets for spatially localized in vivo detection of Glu, Gln, and GSH in the human brain using magnetic resonance spectroscopy at the magnetic field strength of 7 Tesla.
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INTRODUCTION
Glutamate (Glu) is the main excitatory neurotransmitter in the central nervous system. Astroglial glutamine (Gln) is metabolically connected to neuronal glutamate via the glutamate-glutamine cycle [1]. Abnormal Glu and Gln concentrations have been implicated in many brain disorders such as epilepsy, schizophrenia, Alzheimer’s disease, major depressive disorder, hepatic encephalopathy, and cancer [1–4]. Glutathione (GSH) is an important antioxidant whose levels are a marker of redox state. Altered GSH levels have been found in aging, cancer, Parkinson’s disease, Alzheimer’s disease, multiple sclerosis, schizophrenia, and bipolar disorder [5–14].
In vivo measurement of Glu, Gln, and GSH using magnetic resonance spectroscopy (MRS) is often hampered by overlapping resonance signals including mutual overlapping among the resonances of Glu, Gln, and GSH. It has recently been reported that metabolite quantification at 3 T with short echo time (TE), especially quantification of Glu, is significantly affected by the strong macromolecule baseline [15]. It is therefore imperative to develop and optimize MRS techniques to reliably measure scalarly (J) coupled metabolites such as Glu, Gln, and GSH with minimized interference from overlapping metabolite and macromolecule signals.
At 7 Tesla (T), the Glu, Gln, and glutamyl GSH H4 protons were observed to form intense signals that appear as singlets, referred to as pseudo singlets, in proton MRS spectra acquired in vivo at TE of 100–110 ms [16, 17]. At such TE values, macromolecule signals are dramatically reduced compared to short TEs, which is important for minimizing interference from the macromolecule baseline. A point resolved spectroscopy (PRESS) sequence with a TE of 106−69 ms for the first echo time (TE1) and 37 ms for the second echo time (TE2)−and a J-suppression RF pulse inserted between the two 180° refocusing RF pulses has been developed to generate spectrally resolved Glu, Gln, and glutamyl GSH H4 pseudo singlets at 7 T [17]. Since Glu, Gln, and GSH signals are still strongly coupled at 7 T, their spectral pattern depends on the timing of the 180° refocusing pulses even when the total TE is fixed.
In this work, we investigate how the Glu, Gln, and glutamyl GSH H4 peak amplitudes vary for different values of TE1 while keeping the total TE, which is TE1 + TE2, fixed at ∼106 ms to maintain the formation of intense H4 pseudo singlets by spin evolution. Furthermore, we also investigate the effects of individual J-coupling terms on the TE1 dependence of the H4 pseudo singlet amplitudes. By choosing an optimal TE1 for practical realization of the pulse sequence, higher precision or reduced scan time can be achieved for simultaneously measuring spectrally resolved Glu, Gln, and glutamyl GSH H4 pseudo singlets at 7 T in the human brain in vivo.
MATERIALS AND METHODS
Density Matrix Simulation
Full density matrix simulations have been shown to reproduce phantom results and widely used to calculate metabolite basis functions for fitting in vivo spectra [17–19]. Here, full density matrix simulations with high spatial digitization [20, 21] were used to numerically compute the basis functions of Glu, Gln, and GSH. Chemical shifts and coupling constants (Supplementary Table S1) were obtained from Ref. [16] for GSH and Ref. [22] for Glu, Gln, and N-acetylaspartate (NAA). For the total TE of 106 ms, TE1 was varied from 10 to 95 ms with 1 ms increment. A total of 86 sets of Glu, Gln, and GSH basis functions were numerically computed. Our density matrix simulations were programmed in C++ based on the GAMMA library [23]. The effects of localization gradients were simulated as frequency shifts of the spin systems [24]. Pre-calculation of propagators [25] and the 1D projection method [20] were used to speed up the computation. For the 86 different TE1 values, the propagators for the excitation pulse and the refocusing pulse were only computed once and reused 85 times. After the basis functions of Glu, Gln, and GSH for the 86 different TE1 values were obtained from the density matrix simulations, they were multiplied by a 9 Hz exponential decay function and Fourier transformed to the frequency domain to generate the corresponding line-broadened spectra. The Glu, Gln, and glutamyl GSH H4 peak amplitudes were extracted from the spectra for each TE1 value. Subsequently, the Glu, Gln, and glutamyl GSH H4 peak amplitude vs. TE1 curves were plotted to visualize their TE1 dependence. The TE1 value that maximized the peak amplitudes was identified.
To investigate the roles of the internal scalar coupling between the two H4 protons and external scalar couplings between the H3 and H4 protons (Figure 1), additional density matrix calculations were performed with selected spin couplings set to zero. Furthermore, two additional TE values of 100 and 110 ms were simulated. For TE = 100 ms, TE1 was varied from 10 to 90 ms with 1 ms increment. For TE = 110 ms, TE1 was varied from 10 to 100 ms with 1 ms increment. A frequency selective J-suppression RF pulse [17] with 113 Hz (0.38 ppm) full width at half maximum (FWHM) bandwidth was applied at 4.38 ppm where the α-H of the aspartyl moiety of NAA resonates. This pulse suppressed the H3 proton signal of the aspartyl moiety of NAA at ∼2.48 ppm but did not affect any of the Glu, Gln, and glutamyl GSH signals which resonate at 2.0–3.8 ppm. The flip angle and timing of the J-suppression pulse were adjusted to minimize the NAA aspartyl H3 resonance signals that overlap with the Glu, Gln, and glutamyl GSH H4 signals.
[image: Figure 1]FIGURE 1 | Chemical structures and numerically computed spectra of Glu, Gln, and GSH in the range of 1.5–4.4 ppm with TE/TE1 = 106/16 ms. Concentration ratios of [Glu]: [Gln]: [GSH] = 10: 3: 2 were used to scale the spectra.
In Vivo Magnetic Resonance Spectroscopy Experiments
The numerically optimized MRS technique with J-suppression was tested using a Siemens Magnetom 7 T scanner equipped with a 32-channel receiver head coil. In vivo experiments were performed to acquire MRS spectra from three healthy participants (2 female and 1 male; age = 35 ± 5 years) and three unmedicated patients (2 female and 1 male; age = 40 ± 15 years) with major depressive disorder (MDD). Written informed consent was obtained from the participants before the study in accordance with procedures approved by our local institutional review board. A three-dimensional (3D) T1-weighted magnetization prepared rapid gradient echo (MPRAGE) image was acquired with TR = 3 s, TE = 3.9 ms, data matrix = 256 × 256 × 256, and spatial resolution = 1 × 1 × 1 mm3. Based on the 3D image, a 2 × 2 × 2 cm3 MRS voxel was placed in the pregenual anterior cingulate cortex (pACC), which plays an essential role in depression neurocircuitry [26]. The first- and second-order B0 shimming coefficients were adjusted, achieving water linewidths of 11.0 ± 0.5 Hz for the three healthy participants and 13.1 ± 0.2 Hz for the three MDD patients. The main component of the pulse sequence was the numerically optimized double spin echo technique with the addition of a J-suppression pulse. The pulse sequence had TE = 106 ms, TE1 = 16 ms, TR = 2.5 s, number of averages = 116, number of averages for unsuppressed water signals = 2, and total scan time = 5 min. The excitation pulse was an asymmetric amplitude-modulated pulse with duration = 4.5 ms and FWHM bandwidth = 3.1 kHz [27]. The 180° refocusing pulses were also amplitude-modulated with duration = 8.0 ms and FWHM bandwidth = 2.0 kHz [17]. The J-suppression pulse was a truncated Gaussian pulse with a duration of 10 ms [28], an optimized flip angle of 120°, FWHM bandwidth of 113 Hz, and a frequency targeting 4.38 ppm. The time delay between the first refocusing pulse and the J-suppression pulse was 40.3 ms. Water suppression was achieved using seven variable power RF pulses with optimized relaxation delays (VAPOR). Each RF pulse was a 26-ms sinc-Gauss pulse with FWHM bandwidth of ∼105 Hz.
Data Analysis
The 32-channel free induction decay (FID) data were combined into single-channel FIDs using the generalized least square (GLS) method [29], in which coil sensitivities were computed from the unsuppressed water signals acquired with two transients. The unsuppressed water signals were also used to correct for the phase errors in the combined single-channel FIDs caused by zero-order eddy currents [30]. These FIDs were Fourier transformed to the frequency domain to obtain spectra for all 116 transients. Bloch-Siegert phase shift in each individual spectrum due to the use of the frequency-selective J-suppression pulse was corrected by multiplying each individual spectrum with the complex-conjugate of the corresponding Bloch-Siegert phasor function computed using density matrix simulations as described previously [21]. The frequency deviation in each individual spectrum was determined and corrected by fitting the magnitude of the creatine and choline peaks with two Voigt curves. Meanwhile, a histogram of the frequency deviations, which was a distribution of the frequency deviations at 1 Hz intervals for all 116 transients, was generated for subsequent frequency drift correction [21]. The 116 individual spectra were then summed to generate the reconstructed spectrum for post-acquisition correction of the effect of frequency drifts [31]. The reconstructed spectrum was fitted in the range of 1.8–3.4 ppm by linear combination of numerically computed basis spectra of acetate (Ace), NAA, N-acetylaspartylglutamate (NAAG), γ-aminobutyric acid (GABA), Glu, Gln, GSH, aspartate (Asp), creatine (Cr), choline (Cho), taurine (Tau), myo-inositol (mI), and scyllo-inositol (sI), as well as a spline baseline [17]. Chemical shifts and coupling constants were obtained from Ref. [32] for GABA, from Ref. [16] for GSH, and from Ref. [22] for the rest of the metabolites. The fitting program was developed in-house and was based on the Levenberg-Marquardt least square minimization algorithm. Basis spectra for 31 frequency deviation values ranging from -15 to 15 Hz at 1 Hz intervals were computed. The basis spectra used in the fitting were computed as the weighted average of the basis spectra corresponding to 31 frequency deviation values, where the experimentally measured frequency deviation histogram was used as the weighting function [21]. Metabolite concentrations in arbitrary unit were obtained from the fitting program, and subsequently metabolite ratios [/(Cr)] were reported.
To evaluate if the MRS method with TE1 = 16 ms increased Glu, Gln, and GSH peak amplitudes in vivo, the Glu, Gln, and GSH peak amplitude to concentration ratios were computed from the data extracted from the three healthy participants in this study and the eight healthy participants from the previous study with TE1 = 69 ms [17]. The Glu, Gln, and GSH peak amplitudes were measured from the in vivo spectra and normalized by the Cr peak amplitude. The Glu, Gln, and GSH concentrations were obtained from the fitting and normalized by the Cr concentration. This peak amplitude to concentration ratio was used to assess in vivo peak amplitude changes due to strong coupling effects.
Monte Carlo Simulations
Monte Carlo simulations were performed to evaluate the effect of noise on the precision of measuring Glu, Gln, and GSH. To simulate the MRS data, the concentrations, linewidths, and lineshape of metabolite resonance signals obtained in vivo were used to combine the basis functions described above to generate a noise-free FID, which was then Fourier transformed to the frequency domain to obtain the ground-truth spectrum. White Gaussian noise with level similar to in vivo spectra was added to the ground-truth spectrum. The same spectral fitting routine for quantifying the in vivo spectra was used here to quantify the simulated spectra. This whole simulation process was repeated 1000 times with each repetition using a different realization of the random noise with the same noise level. After all the repetitions were finished, coefficients of variation (CV) of the metabolite concentrations were computed. F-tests were performed to evaluate any significant differences in the variance of metabolite concentrations between the TE1 = 69 ms and TE1 = 16 ms methods.
RESULTS
The numerically computed spectra of Glu, Gln, and GSH at TE = 106 ms and six selected TE1s are displayed in Figure 2. A 9 Hz Lorentzian line broadening was applied to all spectra. In the spectra, the Glu, Gln, and glutamyl GSH H4 protons form pseudo singlets at 2.34, 2.44, and 2.54 ppm, respectively. The Glu peak attains its highest amplitude at TE1 = 16 ms and the Gln and GSH peak amplitudes are the highest at TE1 = 10 ms. Figure 3A plots the peak amplitude vs. TE1 curves for Glu, Gln, and glutamyl GSH H4 peaks at TE = 106 ms and TE1 = 10–95 ms with 1 ms increment. The peak amplitudes were normalized relative to the peak amplitude of the NAA singlet. Figure 3A shows that the Glu H4 peak reaches maximum amplitude at TE1 = ∼16 ms and the Gln and GSH peaks keep increasing when TE1 becomes shorter than 16 ms. However, the shortest allowable TE1 for our RF pulses and crusher gradients was 16 ms. Therefore, TE1 = 16 ms was the practical optimum for obtaining the highest Glu, Gln, and GSH peaks at TE = 106 ms. Compared to TE1 = 69 ms [17], the new method increased the peak amplitude by 14% for Glu, 13% for Gln, and 18% for GSH.
[image: Figure 2]FIGURE 2 | Numerically computed spectra of Glu, Gln, and GSH with equal concentration at TE = 106 ms and six selected TE1 values. All spectra were broadened to a Lorentzian linewidth of 9 Hz.
[image: Figure 3]FIGURE 3 | Peak amplitude vs. TE1 curves by full density matrix simulations for TE = 106 ms. The peak amplitudes were normalized relative to the NAA singlet. (A). All coupling constants were intact. (B). J23 and J23’ were set to 0. (C). All coupling constants were set to 0 except J44’. (D). Only J44’ was set to 0.
It is well understood that spectral pattern of a weakly coupled spin system is independent of TE1 in a double spin echo sequence such as PRESS. At 7 T, significant strong coupling effects still exist for Glu, Gln, and GSH as shown by the strong dependence of peak amplitude on TE1 in Figure 3A. Noticeably, the Glu pseudo singlet is substantially higher than GSH and Gln for the same concentration. Additionally, each peak amplitude vs. TE1 curve oscillates with a period of 20–25 ms. On top of this oscillatory pattern, each curve is concave upward and the peak amplitude at the lower end of TE1 (TE1 = 10 ms) is higher than at the upper end of TE1 (TE1 = 95 ms).
Figure 3B displays the peak amplitude vs. TE1 curves computed with the coupling constants between the H2 and H3 protons set to 0. The three curves look very similar to those in Figure 3A, which indicates that J-couplings between the H2 and H3 protons have very small effects on the Glu, Gln, and glutamyl GSH H4 signals. In Figure 3C, all J-coupling constants were set to zero except for J44’. The three curves are all concave upward with peak amplitudes at both ends approximately equal. Although the metabolite concentrations in the density matrix simulation here were the same, the Glu curve is conspicuously higher than the closely matched Gln and GSH curves. In Figure 3D, only the coupling constant between the two H4 protons was set to 0 with the rest of the coupling constants intact. The Glu, Gln, and GSH curves have approximately the same peak amplitudes, an oscillatory pattern with a period of 20–25 ms, and a descending trend with increasing TE1.
It has been demonstrated that Glu and Gln H4 peaks are most intense at TE = 100–110 ms with PRESS localization [16]. To ensure that TE = 106 ms was near-optimal for maximizing the Glu, Gln, and GSH peak amplitudes, the peak amplitude vs. TE1 curves for TE = 100 ms and TE = 110 ms were also computed (Figure 4). For all 3 TE values of 100, 106, and 110 ms, Glu, Gln, and GSH peak amplitudes reached their maximum values at the shortest allowable TE1 of 16 ms. The maximum Glu, Gln, and GSH peak amplitudes for the three different TEs with/without considering T2 relaxation are listed in Supplementary Table S2. To compute T2 relaxation effects, the T2 values of Gln and GSH were assumed to be the same as that of Glu, which was determined to be 184 ms [33] as no accurate Gln and GSH T2 values in the frontal region at 7 T have been reported. Supplementary Table S2 shows that the maximum peak amplitudes of Glu, Gln, and GSH are insensitive to TE over the 100–110 ms range and TE = 106 ms produces slightly higher Glu, Gln, and GSH peaks when T2 relaxation is considered. Therefore, the sequence timing of TE = 106 ms and TE1 = 16 ms was near-optimal for simultaneously maximizing Glu, Gln, and GSH H4 pseudo singlet peak amplitudes.
[image: Figure 4]FIGURE 4 | Peak amplitude vs. TE1 curves by density matrix simulations for TE = 100 ms (A) and 110 ms (B). The peak amplitudes were normalized relative to the NAA singlet.
After the TE and TE1 values were chosen to be 106 and 16 ms, respectively, density matrix simulations were used to optimize the flip angle and timing of the J-suppression pulse for minimizing the NAA aspartyl signal at ∼ 2.48 ppm. The optimal flip angle of the J-suppression pulse was found to be 120° and the optimal time delay between the first refocusing pulse and the J-suppression pulse was found to be 40.3 ms, which was the longest allowable time delay under the practical constraints of RF pulse and gradient durations. Figure 5 displays the numerically computed NAA spectra with/without the J-suppression pulse. The spectra were broadened to a Lorentzian linewidth of 9 Hz.
[image: Figure 5]FIGURE 5 | Numerically computed NAA spectra with and without the J-suppression pulse. TE = 106 ms; TE1 = 16 ms; J-suppression flip angle = 120°; Time delay between the first refocusing pulse and the J-suppression pulse was 40.3 ms; The spectra were broadened to a Lorentzian linewidth of 9 Hz.
Figure 6 displays the in vivo spectrum acquired from the pACC of a healthy participant using the new technique. Another in vivo spectrum acquired from the pACC of an MDD patient using the same technique is displayed in Figure 7. In both figures, the spectral model fits the in vivo spectrum very well. The Glu, Gln, and GSH peaks are well defined and have high amplitudes. Metabolite ratios [/(Cr)] quantified by fitting the in vivo spectra for the three healthy participants and three MDD patients are listed in Table 1. No attempt was made to compare the healthy participants and MDD patients here due to the small sample size.
[image: Figure 6]FIGURE 6 | In vivo spectrum acquired from the pregenual anterior cingulate cortex of a healthy participant. No linebroadening was applied; voxel size = 2 × 2 × 2 cm3; TR = 2.5 s; TE = 106 ms; TE1 = 16 ms; J-suppression pulse frequency offset = 4.38 ppm; J-suppression flip angle = 120°; Time delay between the first refocusing pulse and the J-suppression pulse was 40.3 ms; number of averages = 116; and total scan time = 5 min.
[image: Figure 7]FIGURE 7 | In vivo spectrum acquired from the pregenual anterior cingulate cortex of a patient with major depressive disorder (MDD). The data acquisition parameters were the same as in Figure 6.
TABLE 1 | Metabolite ratios [/(Cr)] measured from the pACC of three healthy participants (HPs) and three MDD patients with TE = 106 ms and TE1 = 16 ms.
[image: Table 1]The peak amplitude to concentration ratios for Glu, Gln, and GSH extracted from the three healthy participants for the current study and the eight participants from the previous study [17] were listed in Table 2. Student’s t-test showed that the peak amplitude to concentration ratios for Glu, Gln, and GSH were all significantly higher for TE1 = 16 ms than for TE1 = 69 ms, which confirmed that the newly optimized technique significantly enhanced the peak amplitudes of Glu, Gln, and glutamyl GSH H4 pseudo singlets in vivo.
TABLE 2 | Comparison of Glu, Gln, and GSH peak amplitude/concentration values extracted from the previous study (8 healthy participants, TE = 106 ms, TE1 = 69 ms) and the current study (3 healthy participants, TE = 106 ms, TE1 = 16 ms).
[image: Table 2]The simulated spectra and the corresponding fitted curve from one of the 1000 repetitions in the Monte Carlo simulations for TE1 = 69 ms and TE1 = 16 ms are displayed in Figure 8. Although the same metabolite concentrations were used in simulating the spectra for the two different methods, the Glu, Gln, and GSH peaks at TE1 = 16 ms were significantly higher than at TE1 = 69 ms. Table 3 lists coefficient of variation (CV) values of metabolite concentrations obtained from the Monte Carlo simulations with 1000 repetitions. Compared to TE1 = 69 ms, CV values for TE1 = 16 ms were significantly reduced.
[image: Figure 8]FIGURE 8 | Simulated spectra and corresponding fitted curves obtained from a random sample of the 1000 repetitions in the Monte Carlo simulations for TE1 = 69 and 16 ms, respectively. The spectra were simulated based on in vivo metabolite concentrations, noise level, linewidth, and lineshape.
TABLE 3 | Coefficient of variation (CV) values of metabolites obtained from Monte Carlo simulations using two different TE1 values of 69 and 16 ms and the same TE of 106 ms. F-tests were performed to evaluate differences in the variance of metabolite concentrations between the two methods.
[image: Table 3]DISCUSSION
Recent studies have shown that the strong macromolecule baseline at very short TEs can cause large errors in metabolite quantification [15]. Fortunately, Glu, Gln, and glutamyl GSH H4 protons all form relatively sharp and intense pseudo singlets at TE of ∼100 ms, where the interfering spectral baseline becomes very weak due to the much shorter T2 values of macromolecules. In addition, the Glu, Gln, and glutamyl GSH H4 pseudo singlets are well resolved at 7 T, making their quantification robust for clinical studies. This study further shows that the peak amplitudes of Glu, Gln, and glutamyl GSH H4 pseudo singlets can be simultaneously maximized using a very short TE1.
Slice-selective and spectrally nonselective refocusing pulses are used in PRESS to form a double spin echo. For singlets and weakly coupled spins, the timing of the spectrally nonselective refocusing pulses has no effect on their spectral pattern for the same total TE. The timing of spectrally nonselective refocusing pulses, however, affects the outcome of strongly coupled spins because the 180o pulse operators do not commute with strong coupling terms in the nuclear spin Hamiltonian. This TE1 dependence of peak amplitudes forms the basis for maximizing peak amplitudes by optimizing TE1.
The requirement for weak coupling is |J/Δυ| << 1, where J is the scalar coupling constant and Δυ the chemical shift difference. Even at 7 T, strong coupling effects exist for Glu, Gln, GSH, and many other metabolites. For Glu, Gln, and glutamyl GSH H4 protons, the strong coupling effect originating from the internal coupling between the two H4 protons is far greater than the external couplings between the H3 and H4 protons. At 7 T, |J/Δυ| between the two H4 protons of Glu, Gln, and glutamyl GSH is 3.8, 2.4, and 2.4, respectively. In comparison, |J/Δυ| between the H3 and H4 protons falls in the range of 0.05–0.13. This large difference in |J/Δυ| makes it feasible to examine the internal (H4-H4′) and external (H3,3′-H4,4′) coupling effects separately. As shown by Figures 3C,D, the internal scalar interactions between the two H4 protons are responsible for the much higher peak amplitude of Glu as compared to Gln and GSH for the same metabolite concentration. This phenomenon can be explained by the smaller chemical shift difference and stronger coupling between the two H4 protons of Glu, which leads to smaller dephasing of its pseudo singlet at ∼ 100 ms. We have verified this point by density matrix simulation with numerically altered J and Δυ (data not shown). In keeping with this explanation, we also observed that at TE = 56 ms (therefore much reduced dephasing by Δυ), a significant increase in peak amplitude of RF-induced H4 pseudo singlets was achieved for Gln and glutamyl GSH but not for Glu [34].
Figure 3D shows that the overall downward trend and the relatively rapid oscillation in the peak amplitude-TE1 curves are caused by the external coupling between H3 and H4 protons because setting J44’ to zero does little to change the oscillatory pattern of peak amplitudes as a function of TE1. Together with the concave-up shape of the peak amplitude-TE1 curves due to internal H4 couplings (Figure 3C), a practically achievable optimal TE1 for simultaneously maximizing the Glu, Gln, and glutamyl GSH H4 pseudo singlets can be found near the lower end of TE1.
The RF pulses and corresponding crusher gradients used in this study have limited the shortest allowable TE1 to be 16 ms. As shown by Figure 3A, the Glu peak reaches the maximum value at TE1 = ∼16 ms. In comparison, the Gln and GSH peaks keeps rising when TE1 becomes shorter than 16 ms. This suggests that, when Gln and GSH are the primary targets, using very short TE1 can further increase their MRS sensitivity. However, further reduction in RF pulse and gradient durations would increase peak RF amplitude and eddy current effects from stronger gradients.
In this study, we observed via a camera placed inside the scanner that the MDD patients generally had more head movements than the healthy participants. Head movements may cause voxel positioning errors, degraded B0 shimming, frequency drifts, phase errors, and other errors. We also found a significant difference between the water linewidths of the healthy participants (11.0 ± 0.5 Hz) and those of the MDD patients (13.1 ± 0.2 Hz), as well as a significant difference between the NAA linewidths of the healthy participants (10.4 ± 0.7 Hz) and those of the MDD patients (13.1 ± 1.5 Hz). These linewidth differences indicate degraded B0 shimming, and hence confirm that the MDD patients had more head motions than the healthy participants in our study. Because the newly optimized method (TE1 = 16 ms) increases the Glu, Gln, and GSH pseudo singlet signals, it can attain sufficient signal-to-noise ratio (SNR) with a shortened scan time, leading to reduced patient head movements during an MRS scan and thus improve spectral quality and quantification accuracy.
Our previous test-retest assessment has validated the high reliability of measuring the Glu, Gln, and GSH pseudo singlets at TE1 = 69 ms [35]. As shown by Figure 3, the full sensitivity of the spectrally resolved Glu, Gln, and GSH pseudo singlets is achieved at TE1 = 16 ms under the practical constraints of finite RF and gradient durations. Because the further increase in signal amplitude at TE1 = 16 ms can translate into shortened scan time for the same SNR, the new technique can therefore reduce scan time and increase the overall tolerance of MR procedures to further improve the robustness of clinical studies of the glutamatergic system at 7 T [36].
CONCLUSION
In this work, the roles of different J-coupling terms in the TE1 dependence of Glu, Gln, and glutamyl GSH H4 peak amplitudes were investigated. It was found that the concave-up shape of the peak amplitude-TE1 curves was caused by the internal J-coupling between the two H4 protons. Meanwhile, the higher Glu peak amplitude compared to those of Gln and GSH for the same metabolite concentration was due to the smaller chemical shift difference between the two Glu H4 protons. The oscillatory pattern and descending trend of the peak amplitude-TE1 curves were caused by the J-couplings between the H3 and H4 protons. These strong coupling effects allowed practical and approximately simultaneous maximization of Glu, Gln, and glutamyl GSH H4 pseudo singlets.
Specifically, we have developed an improved proton MRS technique with J-suppression to maximize the SNR for detecting Glu, Gln, and GSH at 7 T while minimizing the aspartyl signal of NAA at ∼2.48 ppm by J-suppression and the macromolecule baseline. Density matrix simulations showed that the newly optimized method (TE1 = 16 ms) increased the peak amplitude by 14% for Glu, 13% for Gln, and 18% for GSH compared to TE1 = 69 ms. This increase represents practical realization of the full sensitivity of spectrally resolved Glu, Gln, and GSH pseudo singlets formed by pulse-interrupted free spin evolution at 7 T. In vivo peak amplitude to concentration ratios for Glu, Gln, and GSH confirmed that the newly optimized technique significantly enhanced the Glu, Gln, and GSH peak amplitudes in vivo.
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