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Abstract

In the technique presented here, dubbed ‘qMRS’, we quantify the change in 1H MRS signal 

following administration of 2H-labeled glucose. As in recent human DMRS studies, we administer 

[6,6′−2H2]-glucose orally to healthy subjects. Since 2H is not detectable by 1H MRS, the transfer 

of the 2H label from glucose to a downstream metabolite leads to a reduction in the corresponding 
1H MRS resonance of the metabolite, even if the total concentration of both isoforms remains 

constant. Moreover, introduction of the deuterium label alters the splitting pattern of the proton 

resonances, making indirect detection of the deuterated forms– as well as the direct detection 

of the decrease in unlabeled form– possible even without a 2H coil. Because qMRS requires 

only standard 1H MRS acquisition methods, it can be performed using commonly implemented 

single voxel spectroscopy (SVS) and chemical shift imaging (CSI) sequences. In this work, 

we implement qMRS in semi-LASER based CSI, generating dynamic maps arising from the 
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fitted spectra, and demonstrating the feasibility of using qMRS and qCSI to monitor dynamic 

metabolism in the human brain using a 7T scanner with no auxiliary hardware.
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1. Introduction

For the past century, the study of cellular metabolism has revolutionized our understanding 

of biological energy production, phenotypic variation, and disease etiology. With the advent 

of non-invasive medical imaging technologies, continued efforts have focused on expanding 

the capabilities of such technology to provide information beyond structural and mechanistic 

aspects and into the realm of molecular biochemical and physiological insights (Fuss and 

Cheng, 2016).

Despite the obvious appeal of such goals, the only metabolic imaging technique used 

routinely in the clinic is positron emission tomography (PET), which provides information 

reflecting tissue glucose uptake after infusion of the radioactive glucose analog 2–18F-

fluoro-2-deoxy-D-glucose (18FDG) (Fuss and Cheng, 2016; Kelloff et al., 2005). PET is 

most commonly applied in clinical oncology, where elevated glycolytic metabolism in 

cancer cells enables visualization of both primary and metastatic lesions in patients (Heiden 

et al., 2009). However, while PET provides insight into tissue glucose uptake, it does 

not provide any further information about downstream glucose metabolism. An alternate 

metabolic imaging method both capable of monitoring downstream metabolism and not 

reliant on ionizing radiation would be preferable in many instances.

While conventional magnetic resonance imaging (MRI) is nonionizing and provides 

exceptional anatomical information, it offers only limited insight with regard to metabolism. 

Chemical exchange saturation transfer (CEST) MRI is an emerging MRI method capable 

of detecting endogenous metabolite levels in both normal and diseased tissues (Van Zijl 

and Yadav, 2011). However, CEST is also limited in its ability to measure the dynamics of 

metabolite turnover (Van Zijl and Yadav, 2011; Cai et al., 2012; Kogan et al., 2013).

Proton Magnetic resonance spectroscopy (1H MRS), a technique built on the same 

fundamental physics as magnetic resonance imaging, allows for chemically specific 

detection of small molecule metabolites (Morris, 1986; Gujar et al., 2005; Öz et al., 2020). 

While standard clinical MRI measures the signal generated from protons (1H) on water 

and fat to generate bulk structural images of the body, 1H MRS generally suppresses these 

signals in order to measure much weaker signals generated from protons on less abundant 

molecules, including key metabolites such as N-acetyl-aspartate (tNAA), choline (tCho), 

creatine (tCr), glutamate (Glu), glutamine (Gln), γ-aminobutyric acid (GABA), and lactate 

(Lac). Still, a major limitation of current 1H MRS based approaches is that experimental 

set-ups suitable for human measurements provide only static metabolite concentration, and 

as a result are unable to assess changes in tissue metabolic rates that are not reflected in a 

change in steady state concentration.
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To date, the primary strategy to generate dynamic information using MRS in human beings 

has been to introduce exogenous (non-radioactive) isotope-labeled substrates administered 

to the patient or subject. 13C MRS using costly 13C labeled substrates like glucose and 

acetate has been used extensively to measure metabolic flux both in isolated cells and in 
vivo (Shulman and Rothman, 2001; Beckmann et al., 1991; de Graaf et al., 2003). Despite 

this, the clinical application of 13C MRS has been limited owing to the requirement for 

additional scanner hardware. Moreover, while hyperpolarization techniques can be employed 

to achieve improved sensitivity of 13C (Merritt et al., 2007; Brindle, 2015), these approaches 

require further specialized equipment and technical expertise. Recently, there has been 

growing interest in the use of deuterium (2H) as an alternative to 13C for metabolite 

labeling studies (Lu et al., 2017; De Feyter et al., 2018; Kreis et al., 2020). In deuterium 

MRS (DMRS), the protons on glucose or acetate are replaced by deuterium, and as these 

substrates are metabolized the deuterium label is transferred to the downstream metabolites 

which can then be detected by DMRS.

Although 13C MRS and DMRS offer unique solutions to measure metabolite turnover, 

the capability to detect any nucleus other than 1H is generally not available on clinical 

MRI systems (van Zijl and Brindle, 2020). Detection of these nuclei requires specialized 

coils for transmission and reception that must be designed with additional expertise or 

otherwise are purchased at an additional cost. Hardware availability aside, there are also 

inherent physical advantages of proton spectroscopy over DMRS: 1H has a gyromagnetic 

ratio (γ) almost seven times higher than 2H. Because both the spin energy gap itself and 

the Larmor frequency are functions of γ, both the sensitivity and the spectral resolution 

of the 1H spectrum are higher than for 2H. Thus, while DMRS has the advantage of very 

high specificity for the introduced substrate and lack of nuisance signals, it is difficult to 

resolve the plurality of metabolites which are generated further downstream upon absorption 

of glucose or acetate.

Given these limitations, we sought to develop a 1H MRS method that increases the 

sensitivity and versatility of MRS for measuring metabolic dynamics without the need for 

specialized hardware or radioactive tracers. To this end, we recently introduced quantitative 

exchanged-label turnover (QELT) MRS or qMRS, a method that detects deuterium labeling 

of metabolites by measuring the reduction in 1H MRS signal after administration of 

deuterium labeled substrates (Rich et al., 2020 a). Building on our preclinical qMRS studies, 

here we demonstrate the potential of the analogous spectroscopic imaging technique, 

qCSI, for monitoring the dynamics of neural metabolism in healthy human subjects. Since 

deuterium labeled glucose is non-toxic (De Feyter et al., 2018; Macallan et al., 2009) and 

can be easily administered orally, this approach is safe and straightforward for use in human 

subjects. Given the universal availability of 1H MRS on clinical scanners and its ability 

to detect several biologically relevant metabolites, we envision an expansive translational 

potential for this technique.
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2. Materials and methods

2.1. Phantom experiments

A solution of glutamate (L-glutamic acid, Sigma-Aldrich) at 10 mM concentration were 

prepared in 20% D2O with the addition of TMS (D2O, 0.1% TMS, Sigma-Aldrich) and 80% 

PBS at a pH of 7.4. The D2O was used for a lock signal and the TMS was used as an internal 

standard for chemical shift referencing. A solution of glutamate, at 8 mM concentration, and 

deuterated glutamate (2,2,4-L-glutamic acid, Cambridge Isotopes), at 2 mM concentration, 

were prepared in the same conditions. These solutions were used for proton spectroscopy. 

The same solutions, with the same concentrations, were prepared in 100% PBS at a pH of 

7.4 for deuterium spectroscopy so as to avoid a large water signal from D2O. The 1H NMR 

spectra were collected at 37 °C on a 400 MHz spectrometer (Varian).

The 1H NMR spectra for both solutions of glutamate were acquired with 32000 data points, 

a spectral width of 6000 Hz, 64 averages, and a recycle delay of 2.0 s. Water suppression 

was implemented, with a saturation delay of 6.0 s. The deuterium NMR spectra for both 

solutions of glutamate were acquired with 1024 points, a spectral width of 1000 Hz, 1024 

averages, and a recycle delay of 300 ms. The acquisition time for the proton spectra was ~10 

min, with a similar acquisition time for the deuterium spectra of ~13 min. For both the For 

spectra, automatic phase correction and an automatic Whitaker Smoother baseline correction 

was applied. For proton spectra, a line broadening of 0.2 Hz was used, and for the deuterium 

spectra, a line broadening of 5 Hz was used.

2.2. Human subjects information

This protocol was approved by the Institutional Review Board at the University of 

Pennsylvania, with informed consent obtained prior to the initial scan. Eight subjects 

participated in this study: four male and four female, ranging in age from 23 to 52 years, 

with a mean age of 32 years. Full chemical shift imaging timecourses were collected on 

four subjects, two of each sex. Remaining subjects participated in SVS, single-timepoint CSI 

acquisitions, or non-deuterated glucose experiments.

Volunteers were scanned during two sessions on separate days: one ‘baseline’ measurement, 

and one measurement after oral deuterated glucose ingestion. For both sessions, the 

volunteers fasted overnight before undergoing studies in the morning. Baseline scanning 

sessions lasted approximately 45 min. In the second session, subjects were scanned for 

approximately two hours, beginning directly after oral ingestion 0.8 g/kg of body weight of 

[6,6-2H2]-glucose dissolved in water. This oral preparation was provided by the pharmacy 

service of the Hospital of the University of Pennsylvania, based on the self-reported body 

weight of each participant.

To ensure normoglycemia, blood glucose testing was performed on all subjects before the 

baseline session, and both before and after the glucose-ingestion session. To evaluate the 

choice of glucose dosage, in four subjects a full time-course of blood glucose measurements 

was also performed upon ingestion of an equivalent amount of non-deuterated glucose 

(Glucon-D, Dabur, Inc.). Testing was performed using standard home blood glucose 

monitoring equipment (Accu-check, Roche Diabetes). Results shown in Supplementary Fig. 
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4 show some intersubject variability in blood glucose levels, but with all subjects returning 

to baseline glucose levels within 2 h.

2.3. MRI acquisition methods

MR experiments were performed on a 7T scanner (MAGNETOM Terra, Siemens 

Healthcare, Erlangen, Germany) equipped with a 1Tx/32Rx head coil (Nova Medical, 

Wilmington, MA, USA). Axial T1-weighted FLASH images were obtained to enable 

localization of the cortex. Following localization, spectroscopy data were acquired using 

custom sequences for CSI with sLASER localization (MRSI) (Scheenen et al., 2008; Brown 

et al., 1982) and SVS with PRESS localization (Bottomley, 1987). Localized shimming was 

performed to obtain water line widths of 0.08 ppm or less. Water suppression was achieved 

using variable pulse power and optimization relaxation (VAPOR) pulse cluster (Tkáč and 

Gruetter, 2005) pre-encoded to the PRESS sequence.

Specifically, SVS in two voxels and two MRSI measurements of the encompassing 

slab were performed in the baseline session. In the second (post-glucose) session, SVS 

measurements in two voxels were performed directly upon positioning the subject in the 

scanner (t = 20–30 min post- ingestion), with six subsequent MRSI acquisitions (t = 50, 

60, 70, 80, 90, 100 min) and one additional pair of SVS acquisitions (t = 120 min) at 

the end of the experiment. Voxel sizes for MRSI and SVS were 10 mm × 10 mm × 10 

mm (before interpolation) and 40 mm × 10 mm × 10 mm, respectively. The acquisition 

time for each MRSI volume was 9 min 55 s. Intrasubject registration between session 

was accomplished using an in-house co-registration program, ImScribe (available at https://

www.med.upenn.edu/cmroi/imscribe.html), as described in previous work (Nanga et al., 

2018).

Sequence parameters were as follows:

SVS: TR/TE = 3000/23 ms, spectral width = 4 kHz, averages = 64, scan time = 5 

min. In each instance, an additional spectrum with 8 averages was acquired without 

water suppression to obtain a water reference signal for quantification and eddy 

current correction.

CSI: TR/TE = 2050/40 ms, spectral width = 4 kHz with 2048 points, averages = 4, 

FOV = 160×160 mm × 10 mm slice thickness on a 16×16 grid, interpolated to 32×32. 

The sequence incorporated ellip tical weighting with Hamming-windowed spatial 

filtering. This resulted in a true voxel size ~2.7x larger than the acquired volume, but 

removed Gibbs ringing associated with the lower resolution scanning.

2.4. Quantification and data analysis

Prior knowledge fitting was done to determine metabolite concentrations measured by in 
vivo 1H MRS using LCModel software (v.6.3) (Provencher, 1993). Custom basis sets were 

simulated using specific timings and pulse shapes of the refocusing pulses in the custom 

sequences (Soher et al., 2011; Simpson et al., 2017). For the PRESS sequence, a spatial 

distribution of 20×20 locations covering the voxel were simulated and summed to take into 
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account the effects of chemical shift artifacts caused by relatively low bandwidth refocusing 

pulses.

In order to account for the difference in spectral patterns that occur when glutamate becomes 

deuterated, two additional metabolites representing single proton replacement and double 

proton replacement were also included. For the former, it has been noted (De Feyter et al., 

2018) that replacement can occur on either the H4 or the H4’ glutamate proton with equal 

probability. Here we have chosen to include the H4 proton replacement simulation as the 

spectral patterns of both are very similar for typical in vivo linewidths (shown in Fig. S1).

For the double proton replacement case, both the H4 and H4’ glutamate protons were 

replaced with deuterium. Exact coupling constants involving deuterium nuclei were not 

known, though 2H-1H couplings are typically 1,2 Hz. In Fig. S1, we show that the spectral 

differences at in vivo linewidths are minimally dependent on 2H-1H coupling over this range 

and chose 1.5 Hz for the basis set. All fits were performed over the spectral range from 

0.5 to 4.2 ppm. While our previous paper presenting experimental data from rats showed 

changes in GABA and Gln, preliminary analysis in humans did not observe those same 

effects. Therefore, no deuterated versions of these metabolites were included in the basis set.

First attempts at fitting found that the default soft constraints imposed by LCModel were 

not satisfactory for this basis set and data. In particular, there was a tendency for the fit to 

overestimate deuterated glutamate and underestimate the macromolecule peak around 2.0–

2.2 ppm (called ‘MM20’ in the software) in baseline scans. Empirically, it was determined 

that adding several soft constraints on the ratio of MM20 to total creatine in the range of 

0.1–1.0 mitigated the problem and produced more consistent macromolecule maps.

Metabolite ratios to tNAA were reported, as tNAA does not show signal changes after 

deuterated glucose ingestion (Cember et al., 2020). For CSI, region of interests (ROIs) 

representing primarily gray matter (GM) and primarily white matter (WM) were manually 

drawn on the Glu to tNAA ratio map, and individual fits over the ROIs were averaged.

3. Results

The very first experiments in which we observed the qMRS effect upon subject ingestion of 

deuterated glucose were single voxel spectroscopy experiments at 3T and 7T (Bagga et al., 

2020). Comparing only one pre-ingestion and one post-ingestion acquisition, we observed 

visually apparent decrease of the main glucose resonance at 2.3 ppm in mostly gray matter 

voxels. An example pair of such spectra is shown in Fig. 1 C. We sought to extend this 

measurement to a form which proffers some degree of spatial and temporal resolution, and 

continued experiments using a semi-LASER based CSI sequence at 7T, collecting sequential 

post-ingestion timepoints to create metabolic maps which can be viewed with respect to any 

of the fitted resonances in the basis set. Fig. 1 shows spectra from selected voxels intended 

to be mostly gray (A) or most white (B) matter and illustrates the presence of the same 

decrease observed in the SVS data. Fig. 1 D illustrates the simulated proton resonances of 

deuterated glutamate species which were included in the basis set used to fit the qCSI data.
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The resulting timecourses from qCSI can be visualized as in Fig. 2, in which the colormap 

corresponds to the ratio [Glu]/[tNAA] as fit in each voxel. This subject exhibits a strong 

decrease in the unlabeled Glu signal in the central gray matter region as well as rather 

dramatic decreases in certain regions of white matter. This reflects that neural glutamate 

present at baseline has been replaced by newly synthesized, labeled glutamate upon 

metabolism of the ingested glucose. Timecourses of the [Glu]/[tNAA] map for the remaining 

subjects are available in Fig. S2.

Fig. 3 shows data from the gray and white matter ROIs from all subjects, derived from 

the CSI maps corresponding to [Glu], [2H, 1H]- glutamate-4 and [2H2]-glutamate-4. As 

expected, the concentration of glutamate is higher in gray matter, and its replacement by 

the deuterated version upon glucose ingestion is greater. However, our present data does 

not detect that the appearance of the labeled versions of glutamate in the gray matter 

was sufficient to account for the large (~18%) decrease in the unlabeled version. This 

discrepancy is not present to the same degree in the white matter data, as the change in 

the total of all three glutamate species clearly corresponds to a spurious measurement of 

approximately that concentration of [2H, 1H]-glutamate-4 at baseline (See Table 1).

Tables 1 and 2 tabulate the results presented in Fig. 3, listing as a ratio of concentration 

relative to [tNAA] the quantity of each of the glutamate versions by timepoint, as well as 

their standard deviation. Fig. S3 exhibits these plots for the individual subjects separately. 

Fig. S5 provides barplots of tNAA and Glu data for the control experiment involving 

ingestion of undeuterated D-glucose, showing that, in the absence of a label, these quantities 

both remain stable.

4. Discussion

Building on our previously proposed method for indirectly measuring 2H metabolism using 
1H MRS in rats, the present work extends the method into human beings and uses CSI 

for greater spatial coverage. While we are primarily interested in showing comparisons of 

gray and white matter, CSI has the advantages of larger coverage with smaller voxel sizes 

compared to SVS and could potentially provide more specifically localized information. 

However, due to nuisance signals from skull lipids, we restricted our excited volume to 

a limited portion covering less than half the brain. Also, we restricted our acquisition to 

a single slice to keep adequate temporal resolution and to ensure more homogenous B0 

and B1 fields over the ROI. This is particularly important at ultra high field (UHF), where 

whole-brain spectroscopic imaging is more challenging.

Some of the uncertainty in the analysis presented here arises from the challenge to 

accurately draw gray and white matter ROIs on a map of this resolution while minimizing 

partial voluming, hence the relatively small ROIs chosen for quantitative analysis. In future 

improvements to the qCSI methodology, fast spectroscopic imaging techniques optimized 

for UHF could be used to acquire higher resolution metabolic images that allow for larger 

coverage and better separation of gray and white matter (Moser et al., 2019; Coello et al., 

2018). However, because of the coarse-grained visible differences in the map corresponding 

to these tissue types, we nonetheless decided to perform regional analysis in this manner.
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As expected, average qCSI-quantified glutamate values are consistently higher in gray 

matter than in white matter. Our results indicate that the turnover from glucose to glutamate 

is also higher in gray matter than in white matter, although the standard deviation is higher 

in our white matter measurements, making it difficult to quantify this relationship with our 

present results. Roughly, the labeling detected in gray matter at 100 min is ~18%, while in 

white matter it is ~15%. The origin of the strong decrease in [Glu] relative to the appearance 

of the labeled versions in the gray matter data remains unclear. However, given the observed 

sensitivity to fitting parameters (see Introduction), it is likely that suboptimal LC Model 

constraints continue to plague the quantification of the gray matter data.

The trend of continuous unlabeled Glu decrease visible in our gray matter data suggest that 

during this 100 min acquisition window, brain metabolism of orally ingested glucose has 

not yet reached steady state. This result would seem to agree with the timecourses measured 

in previous studies: for example, Lu et al. (2017), who studied Glx labeling in rats using 

DMRS, found that the labeled Glx signal plateaued at around 100 min post-infusion. As 

we were using oral administration rather than intravenous (IV) infusion, the additional time 

required for absorption of glucose through the digestive system (see Fig. S4) would lead 

one to predict that the dynamics of downstream labeling would shift correspondingly in 

time. Thus, it seems to be consistent with existing data that we would still be observing the 

appearance of deuterium-labeled glutamate dynamically on this timescale. Of course, future 

procedural improvements allowing for capturing earlier post-ingestion timepoints (t = < 50 

min) would be valuable for making quantitative kinetic measurements.

In the present work, we were not able to detect changes in GABA or glutamine in human 

subjects. This could be due to the reliance on oral ingestion of deuterated glucose, as 

opposed to the continuous infusion used in animal experiments, or to reduced spectral 

sensitivity to GABA and glutamine as compared to glutamate. The use of a GABA-edited 

MEGA-PRESS sequence (Mullins et al., 2014) or other specialized acquisition may 

improve quantification of these less salient components. Future work would also consider 

incorporating deuterated versions of these metabolites into the basis set.

Another spectroscopic approach for detecting metabolic dynamics using the 1 H signal 

would be to introduce glucose labeled not with deuterium, but instead with 13C (van Eijsden 

et al., 2010; de Graaf et al., 2011; Dehghani et al., 2020). Once metabolized, 13C would end 

up on the fourth carbon of glutamate. This carbon has two coupled protons whose J-coupling 

would then split by ~80 Hz on either side of the original resonance resulting in a spectrum 

that exhibits only 85–90% of the original signal at 2.35 ppm (arising from protons that 

are coupled 12C4) and about 10–15% of the signal (those coupled to 13C4) would be trans 

ferred to split peaks around the center frequency. Since protons attached to 13C4 labeled 

glutamate would be split and moved away from the glutamate proton resonance on unlabeled 
12C4, the main glutamate resonance intensity would be reduced in proportion to deuterium 

labeling, not unlike in qMRS. However, it is important to note that leveraging splitting due 

to J-coupling would also interfere with other resonances, making spectral quantification 

more difficult. 13C-labeled glucose is also 4,5x more expensive than that labeled with 2H. 

Accordingly, from the perspective of cost and robustness, qMRS based on 2H metabolites 

would therefore appear to have a greater potential for clinical translation.
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Investigators in the area of oncology may be particularly interested in monitoring lactate 

changes after ingestion of [6,6′−2H2]-glucose as a measure of the Warburg effect (Pavlova 

and Thompson, 2016). Based on successful preclinical work using the qMRS lactate 

signal to monitor glycolytic metabolism in glioblastoma (Rich et al., 2020b), we are 

currently pursuing human studies correlating anaerobic metabolism quantified by qMRS 

with pathological tumor grade and prognosis.

While the feasibility studies presented in this work are performed at 7T, there is potential to 

extend the scope of these measurements to the much more available 3T MRI scanners. At 

3T, field inhomogeneity is less of an issue, thus facilitating full brain coverage. However, in 

addition to a reduction in SNR, spectral resolution is compromized, making unambiguous 

detection of Glu more difficult, especially for an extended basis set that includes deuterated 

versions of metabolites. We have initiated these studies to a limited degree, and preliminary 

results suggest that SVS-based qMRS to detect an minimum the decrease of the main 

glucose resonance is feasible at 3T (Bagga et al., 2020). In the realm of qCSI, sequence 

development is still underway to find an optimal compromise between spatial and temporal 

resolution at this field strength.

In summary, we demonstrated the feasibility of qCSI upon oral ingestion of deuterated 

glucose in human brain studies with modest temporal and spatial resolution. We were able 

to detect both the decrease in the unlabeled glutamate and the increase in the labeled 

derivatives by taking advantage of their specific splitting patterns in the proton spectrum. 

Given the centrality of glucose-to-glutamate turnover to neural metabolism and the novel 

technical simplicity of the experiment, qCSI may find many uses for studying glucose 

utilization in the healthy brain as well as in pathological conditions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Spectroscopic underpinnings of qCSI. (A,B) Example spectra from two CSI voxels (A,B, 

as shown in white boxes overlaid on image) showing decrease in main Glu resonance. 

(C) Corresponding decrease observed in experiments with a larger SVS voxel. (D) 

Simulations of glutamate elements in the basis set for fitting of semi-LASER data, including 

unlabeled Glu (top), singly-labeled [2H, 1H]-glutamate-4 (middle), and doubly-labeled 

[2H2]-glutamate-4 (bottom).
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Fig. 2. 
Example CSI metabolic maps of [Glu]/[tNAA] from a single subject. Approximate gray 

and white matter ROIs as analyzed further are indicated on the baseline image with 

corresponding colors. ROI sizes and positions varied slightly between subjects (see SI). 

Colorbar is 0:1, representing the ratio [Glu]:[tNAA].
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Fig. 3. Line plots of glutamate concentrations normalized to [tNAA] over time, average of all 
subjects.
Left: Gray matter ROIs. Right: White matter ROIs. The solid line indicates the mean value, 

taken over all pixels in the ROIs from four subjects. The shaded area correspondences 

to one standard deviation. Blue: Glutamate (unlabeled). Orange: (2H, 1H)-glutamate-4 

(singly-labeled glutamate). Green: (2H2)-glutamate-4 (doubly-labeled glutamate) Red: Total 

glutamate (sum of other three contributions). Quantification is by LCModel analysis of CSI 

data, as described in Methods.
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