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Abstract

The quantitative mapping of the in vivo dynamics of cellular metabolism via non-invasive imaging 

contributes to the understanding of the initiation and progression of diseases associated with 

dysregulated metabolic processes. Current methods for imaging cellular metabolism are limited by 

low sensitivities, by costs, or by the use of specialized hardware. Here, we introduce a method that 

captures the turnover of cellular metabolites by quantifying signal reductions in proton magnetic 

resonance spectroscopy (MRS) resulting from the replacement of 1H with 2H. The method, which 

we termed quantitative exchanged-label turnover MRS, only requires deuterium-labelled glucose 

and standard MRI scanners, and with a single acquisition provides steady-state information and 

metabolic rates for several metabolites. We used the method to monitor glutamate, glutamine, γ-

aminobutyric acid and lactate in the brains of normal and glioma-bearing rats following the 

administration of 2H2-labelled glucose and 2H3-labelled acetate. Quantitative exchanged-label 

turnover MRS should broaden the applications of routine 1H MRS.

Cellular metabolism is maintained by a network of biochemical reactions essential for 

normal tissue function1. These reactions form larger metabolic pathways which exist under 

tight regulatory control to help balance metabolic fluctuations experienced by the cell. 
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Therefore, it is not surprising that abnormal metabolism is a hallmark of several pathologies 

including neurodegeneration and cancer1,2. Probing the kinetics of metabolic pathways in 
vivo plays a key role in studying disease mechanisms, identifying new treatment strategies, 

and developing biomarkers of treatment response. To date, several non-invasive techniques 

have been established to monitor the relationship between cellular function and 

metabolism3.

Positron emission tomography (PET) using the glucose analog 2-18F-fluoro-2-deoxy-d-

glucose (18FDG) is a widely utilized clinical tool that provides high-resolution maps of 

glucose uptake in cancer, neurodegeneration, and cardiac diseases4–6. However, PET also 

requires the use of radioactive 18FDG and does not readily provide information on tissue 

metabolic activity beyond the initial step of glycolytic metabolism7. Conventional magnetic 

resonance imaging (MRI) provides outstanding anatomical information without exposure to 

ionizing radiation, but only offers limited insight in regards to metabolism8. Chemical 

exchange saturation transfer (CEST) MRI offers enhanced detection sensitivity for a variety 

of metabolites, but is limited in its ability to measure dynamic changes in metabolite 

turnover9,10. Proton magnetic resonance spectroscopy (1H MRS) is a gold standard for 

detecting and quantifying several endogenous tissue metabolites in a single acquisition, but 

is not capable of tracking metabolic fluxes and pathways11. 13C MRS in combination with 

administration of 13C-labelled substrates has been used to study metabolic pathways in both 

preclinical and clinical settings12–14, but its low sensitivity has limited its routine use in 

human studies. The advent of dynamic nuclear polarization combined with 13C MRS has 

provided a strong boost to the sensitivity of this technique15,16. However, this approach is 

hindered by the short in vivo half-life of hyperpolarized 13C in addition to the requirement 

of onsite polarizers and 13C-hardware.

Recently, 2H MRS, also referred to as deuterium MRS (DMRS), has been evaluated for its 

potential to assess tissue metabolic kinetics following administration of deuterated 

subtrates17. Preliminary studies have demonstrated the utility of DMRS based deuterium 

metabolic imaging (DMI) in detection of human glioblastoma and hepatocellular 

carcinomas18. However, DMRS has low sensitivity relative to 1H MRS and still requires 

specialized hardware for use on clinical scanners. Deuterated substrates have also been 

utilized in combination with stimulated Raman-scattering imaging for spectral tracing of 

deuterium (STRIDE) to measure metabolic dynamics of newly synthesized cellular 

macromolecules including DNA, proteins, lipids and glycogen19. Although this approach 

provides high-resolution, biochemically informative images on glucose anabolic utilization, 

it is mostly restricted to superficial tissue measurements and requires prolonged exposure 

(~10 days) to deuterated substrates.

Here we present a method, quantitative exchanged-label turnover (QELT) MRS, or simply 

qMRS, that increases the sensitivity of magnetic resonance based metabolic mapping 

without the requirement for specialized hardware. Similar to DMRS, qMRS relies on the 

administration of deuterium labelled substrates to track production of downstream 

metabolites. However, instead of 2H based detection of these metabolites, we performed 1H 

MRS. Since 2H is invisible on 1H MRS, replacement of 1H with 2H leads to an overall 

reduction in 1H MRS signal for the corresponding metabolites. This method takes advantage 
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of the universal availability and ease of implementation of 1H MRS on all clinical and 

preclinical MR scanners. The exceptional spectral resolution offered by 1H MRS enables 

tracking of label transfer to several important metabolites, including glutamate (Glu), 

glutamine (Gln), γ-aminobutyric acid (GABA), and lactate (Lac). Proof of principle qMRS 

studies were performed in the brains of normal and glioma bearing rats following the 

administration of [6,6′−2H2]glucose and [2,2,2′−2H3]acetate. Together, our findings 

highlight qMRS as a straightforward and promising strategy for monitoring cellular 

metabolism in vivo with a high potential for widespread clinical translation.

Results

Fundamentals of qMRS: Pilot Study

Administration of labelled substrates such as glucose or acetate can provide information on 

metabolic flux through glycolysis and the citric acid cycle by tracking downstream labelling 

of metabolites including Glu, Gln, GABA and Lac (Fig. 1a)20,21. Building on the recent 

advances of DMRS, we developed qMRS which relies on the indirect detection of 

transferred deuterium label from deuterated substrates to intermediate metabolites. As a 

proof of concept, we performed qMRS in the brain of healthy rats before and after 

administration of [6,6′−2H2]glucose. Figure 1b shows localized 1H MRS spectra from a rat 

brain before and post 60 minutes of [6,6′−2H2]glucose infusion. Post infusion, a reduction 

in the Glu-H4 amplitude at 2.35 ppm can be clearly observed. Similar observations were 

also made following infusion of [2,2,2′−2H3]acetate (Fig. S1). Subtraction of the post-

infusion 1H MRS spectrum from the pre-infusion spectra revealed a marked increase in the 

2.35 ppm Glu-H4 resonance, in addition to several Glu, Gln, GABA and aspartate (Asp) 

resonances, all of which were well above background signal. A large reduction in the 

difference spectrum was also observed between 3.3–3.6 ppm associated with non-deuterated 

proton resonances on the infused [6,6′−2H2]glucose (Fig. 1B right). In contrast, a 

considerable increase can be observed between 3.6–4.0 ppm corresponding to the deuterium 

labelled glucose-H6 resonance (3.9 ppm) and Glx-H2 (3.8 ppm). A slight decrease was also 

observed at the 1.33 ppm Lac-H3 resonance, which is likely related to small amounts of 

unlabelled Lac produced by cerebral due to glucose infusion18. This proof-of-principal study 

highlights the potential of qMRS to track 2H based labelling of metabolites with high 

sensitivity, all of which can be simply performed with a traditional 1H MRS approach.

Comparative detection of neural metabolite turnover with qMRS and DMRS

Previous work has demonstrated the ability of DMRS to track the production of Glx and 

lactate following [6,6′−2H2]glucose infusion with high temporal resolution17. Therefore, we 

tested whether qMRS could also provide similar information following [6,6′−2H2]glucose 

administration. To test this, we compared Glx measurements in healthy rat brain (n=4) made 

with qMRS and DMRS using a combined 1H volume coil and 2H surface coil setup (Fig. 

S2), with acquisition of qMRS and DMRS spectra alternating every five minutes following 

infusion. Figure 2 compares the time courses of qMRS and DMRS spectra pre- and post-

infusion of [6,6′−2H2]labelled glucose. Infusion of [6,6′−2H2]glucose revealed a visible 

reduction in the 2.35 ppm Glu-H4 peak after only 20 mins of infusion, with the largest 

reduction observed at 60 mins (Fig. 2a). The qMRS difference spectra confirmed this, with 
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clear labelling of the Glu-H4 and other Glx resonances beginning after 20 mins of infusion 

(Fig. 2b). Similarly, the formation of a Glx peak in DMRS was clearly observed within 20 

mins during infusion and continued to increase steadily over time (Fig. 2c). Surprisingly, a 

lactate peak was observed after 60 minutes of infusion using DMRS, which was not detected 

with qMRS. One explanation is that for DMRS studies, a surface coil with an unlocalized 

pulse-acquire sequence was utilized. Therefore, the signal measured with this approach 

could be from tissues other than the brain where labelled lactate is generated. In contrast, we 

performed localized spectroscopy for qMRS, where, as previously demonstrated18, we do 

not expect any lactate labelling in the healthy brain.

Following acquisition of combined qMRS and DMRS data sets, Glx concentrations were 

quantified using LCModel22 (qMRS) and AMARES23 (DMRS) for each timepoint. 

Comparison of Glx measurements were in good agreement, with an initial linear increase 

that began to plateau after 45 mins of infusion for both qMRS and DMRS (Fig. 3a). 

Furthermore, correlation analysis revealed a positive correlation (R2 = 0.38) between these 

measurements, indicating that qMRS accurately reflects the dynamic labelling of Glx 

following deuterated glucose administration (Fig. 3b). This was confirmed using a Bland-

Altman analysis, which revealed minimal bias between the Glx measurements obtained with 

qMRS and DMRS (Fig. 3c). In addition to Glx estimates, we compared SNR levels 

measured for the Glx peak obtained with our qMRS and DMRS setup. We calculated SNR 

to be ~41 for qMRS and ~8 for DMRS prior to subtraction, and ~8 and ~5 for the 

corresponding differences estimated for each spectrum. This represents an almost 5-fold 

higher sensitivity for qMRS over DMRS, and 60% higher sensitivity for the corresponding 

difference spectra. Since DMRS was obtained with a surface coil with a pulse-acquire 

acquisition, while qMRS was obtained with a volume coil with Point RESolved 

Spectroscopy (PRESS) localization, the SNR advantages described for qMRS is still 

somewhat underestimated due to the coil sensitivity differences and longer echo times 

involved in the spatial localization.

Tracking of 2H labelling of neural metabolites with qMRS

While DMRS can provide temporal information on metabolite labelling, it is primarily 

restricted to Glx and Lac quantification due to the broad spectral peaks obtained through 2H 

detection. In contrast, since qMRS measures changes in the 1H MRS spectra, the high 

spectral resolution should enable detection of several key neural metabolites not obtainable 

with DMRS. For instance, instead of a single Glx peak, qMRS allows for individual 

detection of Glu and Gln, both of which are important components of neural metabolism and 

signaling. Therefore, we next set to measure labelling of these metabolites post [6,6′
−2H2]glucose infusion. To quantify labelling, qMRS with [6,6′−2H2]glucose infusion was 

performed in the brain of healthy rats (n=6) over a 45 minute period. All 1H MRS spectra 

were analyzed with LCModel to obtain metabolite concentrations before and after infusion. 

To estimate the degree of labelling for each metabolite, post-infusion concentration 

measurements for each timepoint were subtracted from pre-infusion measurements, and 

divided by pre-infusion values to obtain the percentage of fractional enrichment. These 

values were adjusted by a correction factor of 1.33 to adjust for the theoretical probability 
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that either a single or two 2H groups will be transferred from acetyl-coA to downstream 

metabolites after [6,6′−2H2]glucose infusion.

Quantification of the Glx fractional enrichment (Fig. 4a) revealed a gradual increase and 

eventual plateau during infusion, with a 0.89 ± 0.23 mM increase (~9% enrichment) at 45 

min post infusion. Importantly, qMRS enabled individual quantification of changes in Glu 

(Fig. 4B) and Gln (Fig. 4C) levels, with an 0.68 ± 0.15 mM (~11% enrichment) increase in 

Glu and 0.21 ± 0.12 mM (8% enrichment) increase in Gln observed 45 min post [6,6′
−2H2]glucose infusion. It was also possible to estimate changes in GABA (Fig. 4D) 

concentration, with a 0.25 ± 0.10 mM increase (10% enrichment) after infusion. Visually, 

the fractional enrichment of most metabolites followed an exponential pattern of increase 

over time. These labelling patterns are similar in regards to fractional enrichment of 

metabolites with published 13C MRS literature21,24. Changes in these metabolites were also 

compared with N-acetyl aspartate (NAA), a highly abundant amino acid in the brain25, as it 

should remain unlabelled throughout the experiment. As expected, NAA levels (Fig. 4e) did 

not vary considerably throughout the experiment, suggesting it is a suitable reference for 

qMRS studies in the brain. In addition to [6,6′−2H2]glucose, infusion of unlabelled glucose 

was performed in a subset of animals (n=4) to determine the stability of qMRS 

measurements over time. We did not observe significant changes in the metabolite 

concentrations following the infusion of unlabelled glucose (Fig. S3). Quantification of Glu 

and Gln was also possible following infusion of [2,2,2′−2H3]acetate (Fig. S4). These results 

clearly demonstrate the ability of qMRS for measuring individual Glu and Gln metabolite 

labelling.

qMRS enables detection of glycolytic metabolism in glioblastoma

It is well recognized that brain tumour development is associated with significant changes in 

cellular metabolism2. In particular, tumour cells are known to rely more heavily on 

glycolysis over oxidative phosphorylation to support cell growth, proliferation and 

survival26. A hallmark of this inefficient metabolic process is the increased uptake of 

glucose and subsequent conversion to lactate, with lactate production increasing 

significantly compared to normal physiological conditions. Given this, we hypothesized that 

qMRS should be capable of capturing this increased lactate turnover in brain malignancies. 

To address this, rats (n=3) were orthotopically implanted with the F98 syngeneic rat glioma 

model and allowed to grow for three weeks, after which qMRS was performed. Figure 5 

displays representative qMRS spectra from an F98 glioblastoma bearing rat acquired before 

and 60 mins after [6,6′−2H2]glucose infusion. Prior to infusion, a large peak can be 

observed at 1.33 ppm representing combined lactate and lipid peaks (Fig. 5a). After 60 min 

of [6,6′−2H2]glucose infusion, a marked reduction in the Lac-H3 peak at 1.33 ppm was 

observed suggesting considerable 2H labelling of lactate (Fig. 5b). This was in contrast to 

non-tumour bearing animals where no significant change in the Lac peak was observed. 

Subtraction of post-infusion 1H MRS spectra from the pre-infusion spectra show the time 

course of lactate labelling over the entire 60 min period, with a clear increase in labelling 

occurring only 10 min post-infusion (Fig. 5c). These results are consistent with previously 

published results using DMRS following the infusion of [6,6′−2H2]glucose18.
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In vivo mapping of cerebral metabolism

Finally, to expand our observations beyond a basic single voxel acquisition, we performed 

spectroscopic imaging to map deuterium labelling of metabolites occurring throughout the 

brain. To accomplish this, Chemical shift imaging (CSI) was performed in a healthy rat brain 

before and 60 min post infusion of [6,6′−2H2]glucose. A CSI volume of interest (VOI) was 

positioned over the center of the brain (Fig. 6a left). Metabolite maps were generated by 

calculating Glu and NAA concentrations for each voxel using LCModel, creating 

colourmaps based on these estimates and overlaying these maps on an anatomical image. 

Before infusion, Glu and NAA maps revealed a range of metabolite levels across the 

imaging area (Fig. 6a right). After [6,6′−2H2]glucose infusion, a clear reduction in Glu 

levels can be observed for the entire region, whereas NAA levels remained relatively 

constant. We then compared spectra obtained from a single CSI voxel within the VOI. 

Comparison of the spectra confirmed these findings, with a marked reduction in the Glu-H4 

amplitude detected post infusion and a clear peak formed at 2.35 ppm in the difference 

spectra (Fig. 6b). Spectra obtained for several of the acquired CSI voxels also confirmed 

these observations (Fig. S5). Together, these findings demonstrate the feasibility of 

performing 1H based spectroscopic imaging in conjunction with deuterium labelling, and 

support continued development of qMRS for human studies.

Discussion

We report a promising approach (qMRS) to measure the exchange of deuterium label from 

metabolic substrates to metabolic intermediates in normal rat brain and rat glioblastoma 

using a common and easily implementable 1H MRS technique. qMRS not only provides a 

sensitivity advantage compared to DMRS, but it can also be carried out using standard 

clinical MRI hardware. Given ongoing efforts to establish robust acquisition and analysis 

methodologies for clinical 1H MRS27, we expect that qMRS will be easily implemented on 

3T and 7T clinical scanners, making it relatively straight-forward to translate to clinical use. 

It is also possible to further improve qMRS by applying spectral denoising strategies28–30 

(Fig. S6). For instance, singular value decomposition noise reduction has been recently 

applied in 13C MRS analysis to enable differentiation of true from false peaks in noisy 

datasets30. Integration of these approaches with qMRS could therefore enable measurement 

of tissue metabolic kinetics with high temporal resolution by reducing the number of 

averages necessary for spectral analysis.

Although only qMRS and DMRS were compared in this work, deuterated substrates have 

also been applied for stimulated Raman-scattering based imaging of cellular metabolism. 

Using the STRIDE approach, previous studies19 were able to produce high resolution 

images of deuterium labelled macromolecule metabolites (DNA, lipids, proteins) following 

administration of deuterium labelled glucose. While this technique was performed in a 

variety of tissues including brain, intestine, liver and tumours, it is restricted to superficial 

imaging depths and therefore its clinical potential is limited. Furthermore, in contrast to 

qMRS and DMRS, this approach requires prolonged administration of labelled glucose and 

has a 10 mM detection limit which is considerably higher than qMRS (~0.5 mM). A major 

benefit of the qMRS approach compared to the recently developed DMRS is that it is 
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feasible to measure deuterium labelling for individual metabolites such as Gln, Glu, GABA 

and Lac. Dynamic exchange of label on these metabolites as a function of time following the 

infusion of deuterium labelled glucose (or acetate) can be used to derive rates of glycolysis, 

oxidative phosphorylation (OXPHOS) and glutamate/GABA-glutamine cycling in vivo in a 

spatially dependent manner31. This information can be particularly useful when studying 

metabolic derangements in disease. For instance, glutamate/GABA-glutamine cycling exists 

in a careful balance within the healthy human brain to maintain normal neurotransmission. 

However, changes in this cycling are associated with severe neurological disorders such as 

Alzheimer’s and epilepsy32,33. In addition, as observed in our rat glioblastoma studies, a 

hallmark of many cancers increase lactate production due to a metabolic switch from 

OXPHOS to glycolysis to support tumour growth26. Detection and quantification of the rate 

of lactate production may provide crucial information regarding tumour metabolism. Hence, 

qMRS is expected to open up new opportunities to probe changes in these metabolic rates in 

a variety of human diseases, including cancer and neurological disorders.

Although technically and experimentally challenging, over the last 3 decades 13C MRS is 

universally accepted as the only non-invasive method for providing information on the 

relationship between neuroenergetics and neuronal function34,35. The time course of the 

incorporation of 13C label from 13C-labelled glucose into Glu-C4 and Gln-C4 resonances 

(fractional enrichment, FE) is used in all studies to provide quantitative information 

regarding the rates of glutamatergic TCA cycle and neurotransmission17,36. Similar to 13C 

studies, we observed the exponential pattern of 2H labelling of Glu and Gln resonances 

using qMRS in the rat brain. We have not quantified the metabolic fluxes by fitting the FE 

data obtained via qMRS experiments in the present study, nonetheless, we anticipate that 

these results would compare well with the values already reported in the literature17,37,38.

qMRS offers several advantages over existing methods for measuring in vivo metabolism. 

Most notably, it only requires deuterium labelled glucose, which can be given as an oral 

drink18, along with standard 3T MRI scanners (or 7T MRI). There is no risk of exposure to 

ionizing radiation, and no special equipment such as onsite hyperpolarizers for 13C, 

multinuclear coils or cyclotrons for PET are needed. The deuterium labelled turnover is 

monitored directly using standard 1H MRS acquisition hardware and signal processing 

strategies. Given this, the overall experimental simplicity and cost per scan makes qMRS an 

ideal choice for studying in vivo metabolic processes in the research and clinical setting. 

Another major advantage of qMRS is that it provides steady state metabolic information of 

several metabolites along with the labelling kinetics of key metabolites in the same 

acquisition. Therefore, it is possible to obtain information on both labelled and unlabelled 

metabolites. While this method is demonstrated using glucose and acetate, it is also 

applicable to measure label exchange from other deuterated substrates with their 

corresponding unlabelled metabolites. Moreover, this general approach is equally applicable 

to studying 19F-labelled substrates to probe metabolism and metabolite pool size changes. 

Finally, we showed that it is possible to extend this approach to spectroscopic imaging 

modes allowing labelling studies that can be performed across entire tissues with high 

sensitivity. Therefore, we anticipate qMRS can also be implemented in other organ systems 

including liver, heart and breast.
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Despite the advantages, the approach has some limitations. Since 1H MRS is sensitive to 

motion, repeated movements can lead to changes in peak linewidth, frequency shifts, and 

even peak area39. Therefore, subtraction of spectra acquired over time can be challenging. 

One approach to overcome motion related frequency shifts is to perform block averaging 

using a small number of acquisitions (4 or 8), and perform a Fourier transform and 

frequency alignment using either NAA or Cr peaks as a chemical shift reference. This can 

also be combined with advanced quantification methods such as LCModel to improve the 

accuracy of metabolite turnover quantification. Furthermore, 1H MRS is also susceptible to 

background signals that will be augmented in cases where lipid signals are high (e.g. 

tumours, breast, skeletal muscle etc.). However, strategies such as variable echo time40 

and/or multi-quantum filtering41 could be applied to mitigate these issues. However, 

strategies such as variable echo time40 and/or multi-quantum filtering41 could be applied to 

mitigate these issues. It is also important to note that while LCModel was used for 

quantification of metabolite labelling in this study, it is unclear how deuterium labelling 

patterns may affect the accuracy of these measurements. For instance, the average number of 

deuterons at the C4 position of Glu after [6,6′−2H2]glucose infusion is always lower than 

two because of 2H label loss in the TCA cycle at the conversion of acetyl-CoA to citrate. As 

described previously18, the theoretical chance that both deuterons or only a single 2H atom is 

transferred from acetyl-CoA to Glx will be 1.33. Although we normalized the individual 

concentrations of metabolites obtained in the current study, further consideration is 

necessary to derive correction factors for all metabolites measured with qMRS. It is also 

likely that J-coupling patterns for specific metabolites may be altered following deuterium 

labelling and that certain proton resonances will be labelled at greater frequencies than 

others. Ideally, individual basis sets should be created which mimic expected labelling 

patterns in vivo, but this becomes increasingly difficult as these patterns change dynamically 

over time. Although this did not seem to negatively impact our analysis, optimizing these 

analysis parameters and/or determining the most suitable analysis method is a logical 

direction for future qMRS studies.

Outlook

In summary, we demonstrated a technique that has the potential to measure glycolytic 

metabolism, OXPHOS, and glutamate-glutamine cycling in normal brain and tumours via 

the utilization of deuterium labelled substrates (glucose and acetate) and 1H MRS. 

Deuterated substrates can be safely and easily administered to humans at low doses18. While 

the studies described here were preclinical in nature, we expect that this method can be 

easily extended to human studies at 3T and 7T, where CSI is routinely performed in 

research. As such, current efforts in our group are focused on developing qMRS for use in 

human subjects. This approach is expected to enable a wide range of studies probing 

metabolic derangements in vivo across medical disciplines.
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Methods

Animal models and preparation

All the animal experiments were performed under an approved IACUC protocol by the 

University of Pennsylvania. For qMRS metabolite tracking studies, seven 13–15 week old 

male Fischer CDF rats (220–250 g, Charles River, Wilmington, MA) were used. Four of the 

male CDF rats were then chosen for a second imaging session to perform dual qMRS and 

DMRS. For brain tumour studies, three 6–8 week old female F344/NCR rats (120–130 g, 

Charles River, Wilmington, MA) were implanted with the rat glioblastoma cell line (F98)42 

as described previously43. Briefly, general anesthesia was induced using 2% isoflurane 

mixed with 1 liter/min oxygen followed by 1–2% isoflurane. The animal head was fixed on a 

stereotactic apparatus while anesthetized. Following an incision made on the skin covering 

the skull, a hole was drilled at 3 mm lateral and 3 mm posterior to the bregma. A 10 μl 

suspension of 5×105 F98 cells (ATCC®, Manassas, VA) in PBS was injected (500 nl/min) 

into the cortex at a depth of 2.5 mm with a Hamilton syringe and a 30-gauge needle using 

stereotactic apparatus. Three weeks post implantation of F98 cells, the rats were subjected to 

MRS.

MR studies and metabolite quantification

All the preclinical MRI and MRS experiments were performed on a 9.4T, 30 cm horizontal 

bore magnet interfaced to a Bruker console (Paravision 6.0.1) using both custom built and 

commercial radiofrequency (RF) coils. Animals were anesthetized using 1.5–2% isoflurane 

mixed with air at 1 L/min, and secured to a body-bed inside a 35-mm diameter volume coil 

(M2M Imaging Corp., Cleveland, OH). In dual 1H/2H MRS studies, a custom-built 

deuterium single loop RF coil was positioned on the head of the rats within the proton 

volume coil. This RF coil assembly allowed us to perform alternating qMRS and DMRS 

acquisitions (Fig. S2). Body temperature was monitored using a rectal temperature probe 

and maintained at 37 °C using warm air blown inside the bore of the magnet. Rats were 

injected with [6,6′−2H2]glucose (Cambridge Isotope Laboratories Inc, Tewksbury, MA) at a 

dose of 1.95 g/kg for a period up to 70 mins via an automated infusion pump and tail vein 

catheter using a bolus variable infusion protocol as described previously44,45. Briefly, 

animals received a 250 μL bolus of [6,6′−2H2]glucose by intravenous infusion over a 15 sec 

period. The infusion rate was then reduced to 191 μL/min and decreased manually every 30 

s following a decreasing exponential function to a final infusion rate of 13.7 μL/min during 

the first 8 min. After this period, the infusion rate remained constant for the remainder of the 

experiment. The maximum infusion volume over the imaging period was 1.5 mL.

qMRS spectra were acquired from a voxel localized in the mid-brain (6.5×6.5×2.5 mm3) in 

both control (n = 6) and glioblastoma (4×4×4 mm3) bearing (n = 3) rats using PRESS46 (TR/

TE=2500/16 ms, spectral width = 4 kHz, 90° pulse bandwidth = 5400 Hz, 180° pulse 

bandwidth = 2400 Hz, number of points = 4006, variable power RF pulses with optimized 

relaxation delays (VAPOR)47 water suppression, averages=128). An additional qMRS 

dataset (n=1) was acquired in a control rat with a larger number of averages (256 averages, 

10 min acquisition) to obtain representative difference spectra to show metabolite labelling 

in Figure 1 and 2. DMRS spectra were acquired using a non-localized pulse-acquire 
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sequence for the entire volume of the surface coil (TR = 300 ms, flip angle = 20°, number of 

averages = 1000). The acquisition parameters were empirically optimized by adjusting flip 

angle and TR to obtain high SNR, however further optimization to improve SNR in future 

studies is warranted. For CSI datasets, a PRESS based pulse sequence was used with the 

following parameters: TR/TE = 1500/16 ms, slice thickness = 3 mm, total FOV = 35 × 35 

mm, excited FOV = 10 × 6.5 mm, matrix size = 12 × 12, number of points = 1024, spectral 

width = 10000 Hz, 90° pulse bandwidth = 8000 Hz, 180° pulse bandwidth = 8000 Hz, 

VAPOR water suppression, scan time = 20 min. In addition to water suppressed spectrum, 

another spectrum was acquired without water suppression to obtain the water reference 

signal for normalization. In combined qMRS/DMRS quantification studies, spectra were 

acquired every other 5 minutes giving 10 minute temporal resolution for each nuclei. All 

displayed spectra were processed using the Bruker TOPSPIN software package (Version 

4.0.6).

Quantification

Metabolite concentrations measured by in vivo 1H MRS were quantified using LCModel 

software (Version 6.3), a widely applied MRS analysis tool which employs a least-squares 

based prior-knowledge fitting program22. The concentration of metabolites was measured 

using the unsuppressed water peak as a concentration standard. LCModel applied a 9.4T 

spin echo (TE=16 ms) basis set incorporating the following resonances: alanine (Ala), 

aspartate (Asp), creatine (Cr), phosphocreatine (PCr), gamma-aminobutyric acid (GABA), 

glucose (Glc), glutamine (Gln), glutamate (Glu), glycerophosphocholine (GPC), 

phosphocholine (PCh), glutathione (GSH), myo-inositol (Ins), N-acetyl aspartate (NAA), N-

acetyl aspartate+glutamate (NAAG), sycllo-inositol, taurine (Tau), lipid resonances at 0.9, 

1.3 and 2.0 ppm and macromolecule resonances at 0.9, 1.2, 1.4, 1.7 and 2.0 ppm. Once each 

metabolite concentration was estimated, calculation of fractional enrichment for each 

metabolite was performed by subtracting post-infusion levels from pre-infusion levels and 

dividing this value from pre-infusion levels. SNR estimates were calculated using Bruker 

topspin software by taking the ratio of the peak area divided by the standard deviation of the 

noise in the spectrum.

Analysis of CSI datasets was performed by calculating Glu and NAA concentrations for 

each voxel within the VOI using LCModel. LCModel based metabolite concentration 

estimates were loaded into MATLAB (R2018a) as a 2D matrix and filtered using 2D 

gaussian smoothing. The 3×3 matrix was interpolated to a 9×9 grid and colorized using the 

jet colormap (Glu) and hot colormap (NAA). This 9×9 grid was then over layed onto an 

anatomical grayscale image for the entire FOV. For CSI difference spectrum, exponential 

line broadening (3 Hz) was applied to each individual spectrum, and the post infusion 

spectrum was automatically shifted, phase corrected, and Voigt lineshape filtered to 

minimize differences between the pre- and post-infusion spectrum over the spectral ranges 

where no changes occurred.

Quantification of DMRS data was performed with the jMRUI software package (Version 

6.0) using a non-linear least-squares quantitation algorithm named Advanced Method for 

Accurate, Robust and Efficient Spectral (AMARES) fitting23 by normalizing metabolite 
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levels to the natural abundance deuterated water signal. As some deuterium labelling of 

water will occur following infusion of deuterated glucose, we normalized metabolite 

concentrations to the ratio of post-infusion water levels at each timepoint to pre-infusion 

levels. SNR estimates were calculated by taking the peak area and dividing it by the standard 

deviation of the noise level in the spectrum.

Data presentation

All statistical analyses and graphical display of datasets was performed using GraphPad 

Prism (Version 7.0) for MacOS (GraphPad Software, La Jolla, CA). Minor smoothing was 

applied to difference spectra plots using a 2nd-order polynomial averaging three neighboring 

points on each side. All LCModel derived metabolite concentration plots report mean values 

with standard error of the mean. Fitted curves for concentration plots were generated to 

provide a visual aid of labelling using the following exponential plateau equation, Y=YM −

(YM-Y0)*exp(−k*x), where Y0 is the starting population, YM is the maximum population, 

and K is the rate constant. Pearson’s correlation analysis and Bland-Altman analysis was 

performed to compare Glx measurements made with qMRS and DMRS. P<0.05 was 

considered significant.

Reporting Summary

Further information on research design is available in the Nature Research Reporting 

Summary linked to this article.

Data availability

The main data supporting the results in this study are available within the paper and its 

Supplementary Information. The raw and analysed datasets generated during the study are 

too big to be publicly shared, yet they are available for research purposes from the 

corresponding authors on reasonable request.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Fundamentals of qMRS.
a, Schematic shows pathway, including important enzymes, for exchange of deuterium from 

[6,6′−2H2]glucose and [2,2,2′−2H3]acetate to downstream metabolites that can be detected 

with 1H MRS. b, Displayed 1H MRS spectra (10 min acquisition, 256 averages) acquired 

before and after 60 minutes of [6,6′−2H2]glucose infusion shows decrease in Glu-H4 (Glu4, 

blue line). Spectra were obtained from the midbrain region as shown in the representative 

anatomical image (yellow outline). qMRS difference spectra shows clear labelling of Glu4, 

in addition to several Gln GABA, Glucose (Glc) and Asp resonances. Asp aspartate, ACS 

acetyl coA synthetase, GABA γ-aminobutyric acid, GAD glutamate decarboxylase, GDH 

glutamate dehydrogenase, Glc glucose, Glu glutamate, Gln glutamine, Glx Glu+Gln, GS 

glutamine synthetase, α-KG α-ketoglutarate, Lac lactate, LDH lactate dehydrogenase, NAA 

N-acetyl aspartate, PDH pyruvate dehydrogenase, tCr total creatine, tCho total choline
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Figure 2. Simultaneous qMRS and DMRS acquisition in normal rat brain.
a, Displayed 1H MR spectra (10 min acquisition, 256 averages) show continuous reduction 

in 2.35 ppm Glu-H4 peak (Glu4, red arrow) following infusion of [6,6′−2H2]glucose. b, 

qMRS difference spectra show gradual accumulation of 2H labelled Glu-H4 beginning after 

20 mins of infusion. c, Similarly, DMRS spectra (5 min acquisition, 1000 averages) also 

revealed a gradual increase in Glx peak observed beginning 20 min after infusion. Glu 

glutamate, Glx Glu+Gln, Lac lactate, NAA N-acetyl aspartate, tCr total creatine, tCho total 

choline
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Figure 3. Comparison of qMRS and DMRS metabolite quantification.
a, Graph shows changes in Glx concentration in normal rat brain (n=4) measured with 

qMRS (blue) and DMRS (red) made during [6,6′−2H2]glucose infusion. For a visual aid, 

concentration estimates were fitted with the exponential plateau equation Y=YM −(YM-

Y0)*exp(−k*x), where Y0 is the starting population, YM is the maximum population, and k 

is the rate constant. b, Correlation plot with Pearson’s correlation analysis shows 

relationship between these quantitative measurements at each time point post infusion. c, 

Bland-Altman plot and bias analysis showing the mean bias (solid line) and standard 

deviation (dashed lines) for Glx measurements made with qMRS and DMRS. Error bars 

represent the standard error of the mean.
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Figure 4. Kinetics of deuterium labelling of neural metabolites.
Graphs show fractional enrichment for (a) Glx, (b) Glu, (c) Gln, (d) GABA, and (e) NAA 

measured in normal rat brain (n=6) during [6,6′−2H2]glucose infusion acquired over a 45 

min period. For a visual aid, plots were fitted with the exponential plateau equation Y=YM −

(YM-Y0)*exp(−k*x), where Y0 is the starting population, YM is the maximum population, 

and k is the rate constant. Error bars represent the standard error of the mean.
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Figure 5. Detection of glycolysis in rat glioblastoma.
Studies were performed in rats (n=3) bearing orthotopic F98 glioblastoma. a, Obtained 

spectrum (5 min acquisition, 128 averages) show a large lac/lipid peak observed at 1.33 ppm 

from a voxel placed within the tumour (inset). b, Spectrum acquired after 60 minutes of 

[6,6′−2H2]glucose infusion shows a marked reduction in the 1.33 peak (green line). c, 

qMRS difference spectra (pre-post) obtained every 10 minutes post infusion show the 

increase in labelled lac at 1.33 ppm. Lac lactate, MM macromolecules, NAA N-acetyl 

aspartate, tCr total creatine, tCho total choline
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Figure 6. Metabolic imaging of neural metabolism.
a, Images show anatomical reference image (left) with sampled volume of interest (VOI, 

green box) for Chemical Shift Imaging and corresponding Glu and NAA metabolite maps 

(right) acquired in a normal rat brain at 9.4T before and after 60 min of [6,6′−2H2]glucose 

infusion. b, Displayed spectra represent a single CSI voxel within the VOI (yellow box) 

acquired before and after infusion. A clear reduction in Glu-H4 resonance (Glu4) can be 

observed post infusion (red arrow). Glu4 peak was also observed in the corresponding 

difference spectrum. Glu glutamate, Glx glu-gln, Lac lactate, NAA N-acetyl aspartate, tCr 

total creatine, tCho total choline
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