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Abstract

Purpose—To measure the apparent diffusion coefficients (ADC) of five main metabolites in the 

human brain at 3 T with PRESS and STEAM, avoiding measurement biases due to cross-terms. 

Cross-terms arise from interactions between slice-selection and spoiler gradients in the localized 

spectroscopy sequence and the diffusion gradients.

Methods—Diffusion-weighted spectra were acquired from the prefrontal cortex in 5 healthy 

subjects using STEAM (TE/TM/TR=21.22/105/3000 ms, b-values=0 and 3172 s/mm2) and PRESS 

(TE/TR=54.2/3000 ms, b-values=0 and 2204 s/mm2). Diffusion weighting was applied using 

bipolar gradients in three orthogonal directions. Post-processed spectra were analyzed with 

LCModel, and the trace/3 ADC values were calculated.

Results—Comparable trace/3 ADC values (0.14–0.18 µm2/ms) were obtained for five main 

metabolites with both methods. These metabolites were quantified with Cramer-Rao lower bounds 

below 15%.

Conclusion—The ADC values of the five main metabolites were successfully measured in the 

human brain at 3 T with eliminated directional dependence. Both STEAM and PRESS can be used 

to probe the diffusivity of metabolites in normal brain and various pathologies on the clinical 

scanner with slightly higher precision achieved with STEAM for glutamate and myo-inositol.
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Introduction

Diffusion-weighted magnetic resonance spectroscopy (DW-MRS) is a unique, noninvasive 

tool which allows the investigation of the intracellular microenvironment in the brain in 
vivo. By probing the diffusivity of metabolites, specific information on compartmentation 

can be obtained at both cellular and subcellular levels (1–4). The most commonly measured 

brain metabolites with spectroscopy are total N-acetyl aspartate (tNAA, N-acetylaspartate 

(NAA) plus N-acetylaspartylglutamate (NAAG)), total creatine (tCr, creatine plus 

Corresponding author: Dinesh K. Deelchand, Ph.D., Center for Magnetic Resonance Research, University of Minnesota, 2021 6th St 
SE, Minneapolis, MN 55455, USA, Phone: (1) 612-625-8097, Fax: (1) 612-626-2004, deelc001@umn.edu. 

HHS Public Access
Author manuscript
Magn Reson Med. Author manuscript; available in PMC 2019 June 01.

Published in final edited form as:
Magn Reson Med. 2018 June ; 79(6): 2896–2901. doi:10.1002/mrm.26969.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



phosphocreatine), choline containing compounds (tCho, phosphorylcholine plus 

glycerophosphorylcholine), glutamate (Glu), and myo-inositol (mIns). NAA and Glu are 

essentially located in neurons, mIns is thought to be preferentially compartmentalized in 

astrocytes, whereas tCr and tCho are located in both neuronal and glial cells.

The MRS sequences most commonly used in diffusion studies are STEAM (5) and PRESS 

(6). STEAM is advantageous in DW-MRS since the mixing period (TM) can be used to 

increase the diffusion time without compromising the signal-to-noise ratio (SNR). In this 

way, relatively short echo-time (TE) can be achieved in STEAM however only half the signal 

is observed compared to spin-echo sequences. PRESS, on the other hand, allows shorter 

diffusion time at relatively long TE although at high fields chemical shift displacement 

(CSD) error might be large due to the limited bandwidth of the refocusing pulses.

DW-MRS studies have been used to study both healthy and diseased brains (7–14). The 

apparent diffusion coefficients (ADC) of NAA, tCr and tCho have been commonly reported 

in human and animal brains at several field strengths due to ease in measuring these singlets 

(7–13). By taking advantage of the high SNR and spectral resolution, the ADC of glutamate 

(Glu) was first measured in the human brain at 7 T (12). In contrast, the ADC of several J-

coupled metabolites such as Glu, mIns, glucose, glutamine, lactate, and taurine previously 

have only been measured in animal brains at 4.7 T (15) and 9.4 T (10). These measurements 

were possible due to narrower spectral linewidth in ppm achievable in animals compared to 

humans and higher spectral dispersion at high fields. The ADC of Glu and mIns were 

recently determined in the human brain at 3 T (16,17), however in these studies the cross-

term effects were not taken into account and this could lead to inaccurate ADC estimations 

(13). Cross-terms result from interactions between the DW gradients and the slice-selection 

and spoiler gradients in the spectroscopic sequence. These effects are different based on the 

directions and polarities of the applied DW gradients.

The aims of this study were: 1) to measure the ADC of tCr, tCho, NAA, Glu and mIns in the 

human brain on a clinical 3 T scanner using both PRESS and STEAM sequences where DW 

spectra were acquired with positive and negative diffusion gradient polarity to allow for the 

removal of cross-terms, and 2) to compare the sensitivity of both acquisition techniques in 

terms of metabolite quantification precision (reflected by Cramér-Rao Lower bounds, 

CRLB) obtained during LCModel analysis and spectral SNR.

Methods

Healthy subjects (N = 5, 24 ± 3 years old, 4 males) were scanned using a 3 T whole-body 

Siemens Prismafit scanner (Siemens Medical Solutions, Erlangen, Germany). The scanner 

was equipped with a gradient coil capable of reaching 80 mT/m on each of the three 

orthogonal axes simultaneously. Informed consent approved by the Institutional Review 

Board at the University of Minnesota was obtained from all subjects prior to the scan. The 

standard body coil was used for excitation and the 32-channel receive-only head coil for 

reception.
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Whole brain T1-weighted MPRAGE (18) images (0.8 mm3 isotropic resolution, repetition 

time, TR = 2400 ms, TE = 2.24 ms, inversion time, TI = 1060 ms, flip angle = 8°, GRAPPA 

acceleration factor = 2 (19)) were acquired and a volume-of-interest (VOI) of 25×25×25 

mm3 was positioned in the prefrontal cortex (anterior to the genu of corpus callosum and 

centered on the interhemispheric fissure). First and second-order shims in the VOI were 

automatically adjusted using the system 3D gradient-echo shim, operated in the “brain” 

mode.

Localized DW spectra were acquired in the same MR session using STEAM (TE/TM = 

21.22/105 ms) and PRESS (TE = 54.2 ms) sequences in each subject. Water suppression was 

achieved using VAPOR interleaved with OVS pulses in both sequences (20). For optimal 

spectral SNR, B1 field for the 90° was calibrated inside the VOI while the 180° pulses in 

PRESS were set relative to the 90° pulse (21). A similar calibration was performed to 

optimize the water suppression flip angle. All data were obtained with a TR of 3 s, a spectral 

width of 6 kHz and with 2048 complex points and saved as individual free induction decays 

(FIDs) for further post-processing offline. The carrier frequency of the localization radio 

frequency (RF) pulses was set to 3 ppm.

Diffusion weighting was applied in three orthogonal directions ([1,1,−0.5], [1,−0.5,1], and 

[−0.5,1,1]) using bipolar gradients (13) to reduce the effect of eddy currents generated by the 

DW gradients (22). In STEAM, the diffusion gradient duration (δ) was 5.85 ms operating at 

70 mT/m (maximum strength applied per axis) with a diffusion time (td) of 118 ms resulting 

in a nominal b-value of 3172 s/mm2 (Figure 1A). The TM period was set to 105 ms and was 

optimized using density matrix simulation such that Glu and mIns signals were maximized. 

In PRESS, δ was 6.4 ms at 70 mT/m with td of 27 ms such that the nominal b-value was 

2204 s/mm2; TE1 was 28.14 ms and TE2 was 26.06 ms (Figure 1B). These b-values were 

determined using the chronograms of the actual pulse sequences as applied in vivo (23). The 

equations given in Figure 1 provide approximate b-values.

Single-shot STEAM and PRESS metabolite spectra were acquired at two b-values to allow 

further post-processing; a null b-value with 16 averages and a high nominal b-value with 48 

averages. To remove the cross-term effects between all applied gradients, additional spectra 

were acquired with diffusion gradients of opposite polarity for each gradient direction such 

that a total of 6 DW directions were utilized. Water reference scans at null and high b-values 

(6 directions) were also acquired for eddy-current correction and for measuring the ADC of 

tissue water. The total acquisition time per sequence was approximately 16 minutes for one 

complete diffusion dataset.

All spectra were processed using Matlab (MathWorks Inc., Natick, MA). Spectra were first 

corrected for eddy current effects. To obtain the best quality data, each single-shot spectrum 

was then frequency corrected using a cross-correlation algorithm and zero-order phase 

corrected using a least-squares algorithm. Diffusion-weighted spectra which showed 

evidence of low SNR (Figure 2) were eliminated if the spectrum SNR was lower than ~90% 

of the mean SNR of all spectra in each b-value dataset. Remaining high SNR spectra, at null 

b-value and at high b-value for all six gradient diffusion directions, were then averaged 

separately and analyzed with LCModel (24) version 6.3-0G (Stephen Provencher Inc., 
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Ontario, Canada). No baseline correction, water-removal, zero-filling, or apodization 

functions were applied, and the spectra were fitted from 0.5 to 4.1 ppm.

Basis sets were simulated using custom software in Matlab based on density matrix 

formalism (25) using published chemical shift and J-coupling values (26–28). Due to 

minimal CSD error (3.5%/ppm) in STEAM, non-localized simulation with actual RF shapes 

and timings was used. The large CSD error in PRESS (11.1%/ppm for the refocusing pulse) 

was accounted for by performing a 2D localized simulation using 40×40 spatial points (29) 

along the direction of the refocusing pulses while utilizing all RF shapes and timings used in 
vivo. Localization in PRESS was achieved by frequency sweeping the refocusing pulses 

from BWb + 0 ppm to BWb + 4.5 ppm where BWb is the bandwidth of the pulse at the base 

(30). The basis set for both sequences contained 19 metabolites: alanine, ascorbate, 

aspartate, creatine, γ-aminobutyric acid, glucose, Glu, glutamine, glutathione, 

glycerophosphorylcholine, mIns, scyllo-inositol, lactate, NAA, NAAG, phosphocreatine, 

phosphorylcholine, phosphorylethanolamine, and taurine. Separate basis spectra were 

generated for the singlet and multiplet (i.e., CH3 and CH2 groups) resonances of NAA 

(denoted as sNAA and mNAA, respectively). Macromolecule spectra were measured using 

the metabolite-null technique (31) (TR/TI = 2500/740 ms, 128 averages) where an extra 

inversion pulse was added in both STEAM and PRESS without the diffusion gradient 

applied. These macromolecule spectra were included in the basis sets for each sequence.

Metabolites with CRLB < 15% at all b-values were selected for further analysis. ADC was 

determined in each gradient diffusion direction by taking the logarithmic geometric mean of 

the LCModel signal amplitude measured with both gradient polarities divided by the signal 

at null b-value (13). The final trace/3 ADC was obtained by taking the average of the ADC 

values in all three directions. Trace/3 ADCs were calculated for tNAA, tCr, tCho, Glu, mIns, 

and water. The fractions of gray matter (GM), white matter (WM), and cerebrospinal fluid 

(CSF) in the VOI were determined by segmenting the MPRAGE images using FSL and 

using an in-house written Matlab script. Reported SNR was measured in the frequency 

domain and is defined as peak height of sNAA divided by root mean square noise.

Differences in ADC values between STEAM and PRESS sequences were analyzed using a 

two-tailed paired Student’s t-test. Differences were considered statistically significant if P < 

0.05, with Bonferroni correction for multiple comparisons.

Results

Proton spectra acquired at null and high b-values from one representative subject using both 

PRESS and STEAM sequences in one session are shown in Figure 3. High quality spectra 

with no lipid contamination were obtained with an average spectral linewidth of 6.4 Hz (tCr 

at 3.03 ppm). No huge baseline artifact was observed from the residual water due to ~99% 

suppression efficiency using VAPOR. The resonance of the five major metabolites, i.e., 

tNAA, tCr, tCho, Glu, and mIns, could be easily distinguished in all spectra in addition to 

other low concentration metabolites. The variation in the amplitude of the sNAA peak across 

all six diffusion directions showed the effect of cross-terms, as observed in both sequences 
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(Figure 3). The GM fraction was 0.64 ± 0.01, WM fraction was 0.23 ± 0.02, and CSF 

fraction was 0.13 ± 0.01 in the VOI.

High spectral SNR (> 50) was achieved at both b-values with both protocols. Although the 

SNR was almost two times higher with PRESS compared to STEAM (105 ± 20 vs. 64 ± 12 

at null b-value, and 128 ± 4 vs. 67 ± 2 at high b-values), this difference in SNR did not lead 

to differences in quantification of metabolites since the CRLBs for the five major 

metabolites considered in this study were below 12% at null b-value and below 9% at high 

b-values due to having more averages (Figure 4). The CRLBs of Glu and mIns were slightly 

lower with STEAM than PRESS (7.2 ± 1.9% vs. 11.2 ± 1.9% for Glu, and 6.2 ± 1.3% vs. 

6.8 ± 1.3% for mIns at null b-value) and could be explained by the relatively short TE used 

in STEAM where J-evolution is minimized.

No statistically significant difference in trace/3 ADC values (0.11–0.16 µm2/ms, Table 1) 

were obtained for the five major metabolites between the two techniques, although the ADC 

values measured with STEAM had a tendency to be lower compared to PRESS. 

Interestingly, the standard deviation was much smaller for STEAM than PRESS for all 

metabolites except for tCr and Glu where the standard deviations were close with both 

methods. As expected, the trace/3 ADC of water was higher (0.70 – 0.78 µm2/ms) compared 

to metabolites. If low SNR spectra were not excluded during the post-processing steps, ADC 

values of metabolites would have been 10 to 25% higher than those reported in Table 1.

To better understand the effects of cross-terms, the ADC of metabolites and water were also 

evaluated separately using signals from positive (ADC+) and negative (ADC−) polarity of 

the DW gradients (Table 1). ADC+ values were significantly lower compared to ADC− with 

STEAM while no significant cross-term effects were observed in PRESS.

The CRLB of the ADC were also determined as previously described (32). The lowest 

CRLB of the ADC was observed for tNAA and was comparable between both sequences 

(3.5 ± 0.8% with STEAM versus 3.3 ± 0.6% with PRESS). The highest CRLB of the ADC 

were observed for tCho (19.5 ± 5.3% with STEAM versus 24.3 ± 10.4% with PRESS). For 

the other reported metabolites, the CRLB of the ADC ranged from 3.8 to 7.2% and were 

comparable between both sequences.

Discussion

This study shows the feasibility of measuring the trace/3 ADC of the five major metabolites 

and water on a clinical scanner. The high spectral SNR at high b-value has successfully 

enabled the measurement of the diffusivity of Glu and mIns for the first time at 3 T with 

biases from cross-terms removed. Although the ADC values were comparable between 

PRESS and STEAM techniques, the quantification precision for these two J-coupled 

metabolites was better with STEAM.

The effect of cross-terms was more pronounced in STEAM than in PRESS data (Table 1). 

This observation is consistent with two previous studies utilizing STEAM (13,33) where the 

variation in ADC values was apparent between positive and negative DW gradients. On the 

other hand, small cross-terms were observed in PRESS most likely due to the bipolar DW 
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scheme used and the symmetric spoiler gradients applied between the two refocusing pulses 

which minimize the effect (12).

The measured ADC values of the 3 singlets (tNAA, tCr and tCho) in this study were in 

agreement with some studies (12,13,34) while being different from other studies (7,35,36) in 

the human brain. This disagreement could be related to the different proportion of WM and 

GM in the selected VOI between various reported studies since it is known that ADC values 

are different between GM and WM (12). Another reason for this discrepancy could be 

related to uncorrected cross-terms effects (13) or the duration of diffusion times used in the 

MRS sequences (13,37). Our results are consistent with the published ADC values at 7 T 

which ranged from 0.10 to 0.16 µm2/ms where cross-terms effects were suppressed in 

addition to having comparable GM, WM and CSF tissue composition in the VOI. The ADC 

of water also agrees with literature values ranging from 0.65 – 0.78 in healthy subjects 

(13,35).

Glu and mIns are the two most highly concentrated (> 6 mM) J-coupled metabolites in the 

brain next to the three major singlets. Owing to the high b-value achieved at relatively short 

TE in both STEAM and PRESS, it was possible to successfully measure the ADC of both 

Glu and mIns at 3 T without any cross-terms. The measured ADC of Glu was comparable to 

that previously reported at a much higher field of 7 T from the occipital gray matter. 

Recently the diffusivity of Glu was assessed by two groups at 3 T (16,17) however the 

reported ADC values were higher than in the present study most likely due to absence of 

cross-term correction and difference in gray and white matter content in the selected VOI 

(17).

To the best of our knowledge, the ADC of mIns has only recently been reported in the 

human brain at 3 T (16,17) although several animal studies have successfully measured its 

diffusivity (9–11). In rat and monkey brains (9,10), the ADC values for mIns were found to 

be comparable between species and were also similar to the ADC of NAA although the 

tissue content was different; rat brain consists mostly of gray matter while in the monkey 

study the VOI was positioned in both the GM and WM. The fact that the ADC of mIns was 

comparable to that of NAA in the current study suggests that the ADC value of mIns was 

accurately measured. Consequently, the previously reported ADC value for mIns seems to 

be overestimated (16,17), similarly to Glu, due to uncorrected cross-terms.

Measured ADC values were slightly, but not significantly, lower with STEAM than PRESS, 

although cross-term effects were taken into account in the current study (Table 1). This 

discrepancy in ADC might be explained by difference in duration and amplitude of DW 

gradients, however these parameters were comparable between both sequences. One 

possible explanation for the observed lower ADC values with STEAM could be related to 

the difference in diffusion times; td was approximately 4 times longer with STEAM 

compared to PRESS in this study. Previous animal studies have shown that ADCs are 

dependent on the diffusion time (13,37) and this seems to be consistent with our findings: at 

shorter td ADC was higher with PRESS while at longer td ADC was lower with STEAM. 

The high CSD error in PRESS might also play a part in the slightly higher ADC values; 
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NAA and mIns signals are displaced in a VOI containing mostly WM and it is known that 

ADC values are higher in WM.

DW spectra are very sensitive to motion (bulk or physiological) which occurs during the 

application of the diffusion gradients, and this will result in phase and signal amplitude 

variations of the spectra (7,35,38). To partially mitigate these effects, several studies have 

used cardiac gating in addition to the phase information from the residual water peak during 

post-processing (7,14,33,38). In the current study, it was possible to correct for phase 

variations of the single-shot spectrum due to the high SNR of the diffusion data without any 

gating as previously reported (35). To avoid overestimating the ADC values, low SNR data 

(i.e., spectra with low amplitude fluctuations) were discarded (Figure 2). This resulted in 

ADCs consistent with literature values as discussed above. Hence, cardiac gating might not 

be essential if the single-shot spectral SNR is high enough to correct for phase fluctuations 

between shots, and post-processing is important to avoid bias in the determined ADC value.

Conclusion

This study shows the feasibility of successfully measuring the ADC values of the five major 

metabolites (tNAA, tCr, tCho, Glu and mIns) in the human prefrontal gray matter at 3 T, a 

particularly challenging region for B0 shimming due to the proximity to the sinus cavities. 

By reporting the mean diffusivity, i.e., trace/3 ADC values, the directional dependence of the 

measured ADC was eliminated. In conclusion, both STEAM and PRESS sequences can be 

used to probe changes in the diffusivity of metabolites in normal brain and various 

pathologies on the clinical scanner.
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Figure 1. 
Schematic of the diffusion-weighted STEAM and PRESS sequences as used in the present 

study. To reduce eddy current effects, bipolar gradients were employed in both acquisition 

methods. Approximate b-values can be calculated with the provided equations, where δ 
represents the duration of the diffusion gradient, td is the diffusion time, and τ is the time 

separation between the bipolar gradients. These equations assume infinitely short gradient 

rise time. Chronograms were used to determine the exact b-value.
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Figure 2. 
Stacked plot of NAA singlet at 2 ppm measured in one diffusion direction with STEAM 

from one subject; 48 individually measured spectra (left panel), spectra after eddy current, 

frequency, and phase corrections (middle panel), and the resulting individual spectra after 

removing low SNR spectra as described in the text (right panel).
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Figure 3. 
DW spectra acquired from one subject using STEAM (TE/TM = 21.2/105 ms) and PRESS 

(TE = 54.2 ms) sequences. Spectra acquired at null b-value (left panel) and at high b-value in 

all six directions (middle panel) are shown. Excellent spectral quality, with no lipid 

contaminations and flat baseline were obtained in the prefrontal lobe VOI (yellow box on 

the T1-weighted image) with both techniques. The effects of cross-terms from the DW 

gradients are visible as the variation of the NAA amplitude at 2 ppm (right panel).
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Figure 4. 
Average CRLBs of the 5 main metabolites for STEAM (TE/TM = 21.2/105 ms) and PRESS 

(TE = 54.2 ms) sequences at different b-values (16 averages for null b-value and 48 averages 

for high b-value). At high b-value, the average CRLBs from all 6 directions are shown. Error 

bars represent standard deviation.
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