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Abstract  27 

 28 

Impaired brain glucose metabolism characterizes most severe brain diseases. Recent 29 

studies have proposed deuterium (2H)-Magnetic Resonance Spectroscopic Imaging (MRSI) 30 

as a reliable, non-invasive, and safe method to quantify the human metabolism of 2H-labeled 31 

substrates such as glucose and their downstream metabolism (e.g., aerobic/anaerobic 32 

glucose utilization and neurotransmitter synthesis) and address the major drawbacks of 33 

positron emission tomography (PET) or carbon (13C)-MRS. Here, for the first time, we show 34 

an indirect dynamic proton (1H)-MRSI technique in humans, which overcomes four critical 35 

2H-MRSI limitations. Our innovative approach provides higher sensitivity with improved 36 

spatial/temporal resolution and higher chemical specificity to differentiate glutamate (Glu4), 37 

glutamine (Gln4), and gamma-aminobutyric acid (GABA2) deuterated at specific molecular 38 

positions while allowing simultaneous mapping of both labeled and unlabeled metabolites 39 

without the need for specialized hardware. Our novel method demonstrated significant Glu4, 40 

Gln4, and GABA2 decreases, with 18% faster Glu4 reduction in the gray matter than white 41 

matter after ingestion of deuterated glucose. Thus, robustly detected downstream glucose 42 

metabolism utilizing clinically available MR hardware without the need for radioactive tracers 43 

and PET. 44 
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Introduction (683 words) 45 

 46 

Non-invasive, affordable, and reliable mapping of glucose metabolism in the human brain is 47 

critically needed for both clinical and neuroscientific studies. While current approaches, such 48 

as fluorodeoxyglucose ([18F]FDG) positron emission tomography (PET), carbon-13 (13C) 49 

magnetic resonance spectroscopy (13C-MRS), and direct deuterium magnetic resonance 50 

spectroscopic imaging (2H-MRSI) of glucose metabolism, are technically challenging and 51 

require special hardware or expensive synthesis of intravenous radioactive tracers, a recent 52 

animal study has shown the incredible potential for the indirect detection of deuterated 53 

compounds via proton magnetic resonance spectroscopy (1H-MRS) to quantify glucose 54 

metabolism in the rat brain.1 Orally administered, deuterium-labeled glucose is readily taken 55 

up by brain cells, and the deuterons are incorporated into downstream glucose metabolites.2 56 

Since deuterons (2H) substitute protons (1H) in the molecule (2H-to-1H-MRS), they do not 57 

contribute to the proton (1H) spectrum. Hence, the increase in deuterium-labeled metabolites 58 

is reflected by the decrease in metabolite signals in 1H-MRS.  59 

 60 

About ninety-five percent of the glucose in the healthy brain enters the tricarboxylic acid 61 

(TCA) cycle for glutamate cycling. The rest converts anaerobically to lactate (Lac).3 62 

Glutamate (Glu) is then involved in the glutamate/glutamine cycle, ammonia detoxification, 63 

and GABA synthesis to supply excitatory and inhibitory neurotransmitters. The balance 64 

between aerobic and anaerobic glycolysis is critical for maintaining brain homeostasis, and 65 

the shift from healthy aerobic glucose (Glc) metabolism to anaerobic pathways (i.e., Warburg 66 

effect) characterizes pathological conditions seen in tumors and ischemia.4 Anaerobic 67 

metabolism also plays a crucial role in mitochondrial dysfunction, a critical early condition in 68 

the pathophysiology of severe neurological diseases, such as Alzheimer’s disease5 and 69 

neuropsychiatric disorders such as major depression and schizophrenia.6  70 

 71 

The gold standard for the clinical examination of metabolism, i.e., positron emission 72 

tomography (PET), with the glucose analog 18F-fluorodeoxyglucose ([18F]FDG) indeed 73 

provides quantitative measurements of the cerebral metabolic rate of Glc (CMRGlc). However, 74 

[18F]FDG is metabolically inert and, thus, cannot assess downstream metabolism, which is 75 

relevant for diagnosis and treatment evaluation.7,8 13C-MRS is a research tool, which can 76 

quantify these compounds of the brain’s cycles;8 although the method suffers from poor 77 

spatial localization. Hyperpolarized carbon-13 (13C)-MRSI is another emerging molecular 78 

MRI method for rapid, pathway-specific investigation of dynamic metabolic and physiologic 79 
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processes and is not yet available in the clinical setting.9 The power of hyperpolarized 13C-80 

MRSI lies in its ability to investigate the entire metabolic pathway, including downstream 81 

metabolites, which is not possible via [18F]FDG PET. However, currently, the widely used 82 

substance, i.e., 13C1-labeled pyruvate, mainly measures the conversion rate of pyruvate to 83 

lactate, while it does not provide information about other metabolic pathways. Both PET and 84 

hyperpolarized 13C-MRSI require additional costly hardware and invasive intravenous 85 

substrate administration, with PET also requiring harmful radioactive and unstable tracers. 86 

 87 

Recently, direct 2H-MRS detection provided alternative measures to address the 88 

aerobic/anaerobic imbalance, but the technique requires special hardware and estimates 89 

only a limited number of deuterated compounds, which diminishes its clinical applicability. In 90 

contrast, the proposed 2H-to-1H-MRS promises to overcome these limitations by utilizing 91 

harmless and stable tracers and allowing quantification of both cerebral metabolic rates of 92 

Glc (CMRGlc) as well as the turnover of downstream intracellular Glc metabolism.1  93 

 94 

Thus, since the deuterium method enables quantification of both the oxidative and anaerobic 95 

glucose utilization and assesses neurotransmitter synthesis, we aimed to establish, for the 96 

first time,  non-invasive detection of deuterium enrichment after peroral administration of 6,6’-97 

2H2-Glc (Deu-Glc) using 1H-MRS in the healthy human brain. Compared to direct 2H-MRS 98 

detection, the indirect technique allows quantification of extended metabolic profiles while 99 

reliably reflecting downstream metabolism, as shown in a single animal study.1 Motivated by 100 

the desire to establish a novel, easy-to-apply approach for metabolic mapping in humans, we 101 

employed state-of-the-art methods of single-voxel 1H-MRS10 and echo-less 3D 1H-MRSI,11 102 

which have previously demonstrated high sensitivity for the detection of small functional 103 

responses to physiological stimulation.12,13 Our current objective was to trace and map the 104 

decaying metabolite signals after non-invasive oral administration of deuterated Glc, utilizing 105 

widely available hardware. The experiments were conducted in two sessions with either 106 

deuterated Glc (Deu-Glc) or non-deuterated Glc (normal dextrose, nonDeu-Glc) ingestion to 107 

mitigate the possible metabolic effects of the Glc load, particularly those of hyperglycemia 108 

and insulin release.14 109 

 110 

 111 

 112 

 113 

 114 
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Methods (1644 words):  115 

  116 

Study design 117 

 118 

Five healthy, right-handed volunteers (30±4 y.o., 5 males) were scanned on a 7T whole-body 119 

MR scanner (Siemens Healthcare, Erlangen, Germany) utilizing a 32-channel receive-array 120 

coil (Nova Medical, Wilmington, MA, USA). All participants were lean (BMI = 22.6±1.4 kg/m2) 121 

without a history of diabetes or other metabolic and severe diseases. The study was 122 

approved by the Ethical Commission at the Medical University of Vienna. All participants 123 

signed informed consent. Each participant underwent two MR scans, one after 6,6’-2H2-Glc 124 

(Deu-Glc), the other after non-deuterated D-Glc (normal dextrose, nonDeu-Glc) 125 

administration; the scans were 92±49 days apart. All these scans used an interleaved single-126 

voxel MRS/MRSI protocol. One subject was additionally scanned after Deu-Glc 127 

administration with MRSI-only protocol to obtain the time-course with high temporal 128 

resolution. All sessions were conducted in the morning after an overnight fast. Both 129 

compounds were dissolved in ~300 mL of water and ingested in equal amounts (0.8 g/kg 130 

body weight) immediately before the scan was initiated. MRSI and MRS data were 131 

interleaved with navigator images obtained prior to each MRSI/MRS acquisition to assure the 132 

stable position of the localized volume. The navigator images were registered to the atlas 133 

space with Autoalign methodology implemented on the MR scanner.15 The coordinates of the 134 

MRS volume of interests (MRS-VOI) were later used in the second MR session for consistent 135 

MRS-VOI placement. The first MRS/MRSI block was acquired after calibrating MRS RF-136 

pulses and B0-shimming within 30 minutes after Deu-Glc/nonDeu-Glc administration. The 137 

following MRS/MRSI blocks were obtained after the acquisition of the T1-weighted 138 

MP2RAGE image with an isotropic resolution of 1.1×1.1×1.1 mm3; TR, 3900 ms; TE, 2.8 ms; 139 

flip angle, 4°/5°; acquisition time 3:52 min; and GRAPPA factor 4. Our goal was to cover a 140 

time window of 120 minutes following the ingestion of the tracer, assuming slower dynamics 141 

of deuterium enrichment in the human brain compared to that of rats.1 142 

 143 

MRI/MRS data acquisition 144 

 145 

Standard 2nd-order B0-shimming was performed via an imaging-based approach (two 146 

iterations) and FASTMAP16 for MRSI and MRS acquisition, respectively. Multi-voxel (MRSI) 147 

and single-voxel (SV-MRS) acquisitions were interleaved except for one study session, 148 
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where only the MRSI data were acquired with a high time resolution of five minutes after Deu-149 

Glc ingestion. 150 

MRSI data were obtained via an FID-MRSI sequence11 with an ultra-short acquisition delay 151 

of 1.3 ms, a short TR of 320 ms, and ellipsoidal 3D k-space encoding using concentric ring 152 

trajectories (CRT), variable temporal interleaves, 36x36x26 matrix, 5x5x4.8 mm3 voxel size, 153 

2:58 min per block, 558 complex points, 34° (Ernst) excitation flip angle, 600 µs pulse 154 

duration, and 7 kHz pulse bandwidth. The excited slab was centered around the posterior 155 

cingulate region. 156 

Single-voxel MRS data were obtained from the posterior cingulate (PCC) region using a semi-157 

LASER sequence (TR 7 s, TE 28 ms, 3:43 min per block, 2048 complex points, 90° 158 

asymmetric sinc pulse with a duration of 2.5 ms, FOCI pulse bandwidth, and a duration of 159 

4.2 ms, 45 kHz).17 A 22×20×20 mm (AP×LR×SI) voxel was placed mid-sagittally, based on 160 

anatomical landmarks. The voxel was rotated in the sagittal plane by 30° such that it was 161 

aligned with the posterior border of the splenium. To mitigate possible effects of patient 162 

motion and chemical shift displacement, the voxel was backed away anteriorly from the 163 

splenium and caudally from the occipital-parietal fissure by 2 mm.18 All spectra were collected 164 

with water suppression19 and outer volume suppression (number of excitations, NEX = 32) 165 

along with unsuppressed water spectra utilized to remove residual eddy currents (NEX = 2) 166 

and as a reference from which to derive metabolite concentration estimates (NEX = 2).  167 

 168 

Segmentation of MPRAGE scans 169 

 170 

The T1w-MRI images were segmented in Freesurfer (v.5.3) to obtain masks of the brain gray 171 

matter (GM) and white matter (WM). The masks were resampled to the MRSI space and 172 

used to obtain tissue-specific averages of metabolite levels. In addition, probabilistic maps of 173 

the GM, WM, and cerebrospinal fluid (CSF) were derived by segmenting the T1w-MRI images 174 

using the SPM12 software package. The probabilistic tissue maps were thresholded with an 175 

in-house-written MATLAB script using the iterative method of threshold selection20 to 176 

determine the within-PCC-VOI fraction of GM, WM, and CSF.  177 

 178 

Processing of MRSI 179 

 180 

MRSI data were reconstructed offline with an in-house-developed software pipeline21 181 

consisting of MATLAB (R2013a, MathWorks, Natick, MA, USA), BASH (v4.2.25, Free 182 

Software Foundation, Boston, MA, USA), and MINC (MINC tools, v2.0, McConnell Brain 183 
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Imaging Center, Montreal, QC, Canada). Data processing included an iMUSICAL coil 184 

combination,22,23  water normalization,24 k-space reconstruction with in-plane convolution 185 

gridding, spatial Hamming filtering, channel-wise noise-decorrelation, and off-resonance 186 

correction.25 Due to the short TR, obtaining metabolite concentration estimates would require 187 

strong assumptions about T1 relaxation. Therefore, the metabolite concentrations were 188 

instead quantified in institutional units using LCModel (v6.3-1, LCModel Inc, ONT, CA) with 189 

a basis set that included 17 simulated brain metabolites and a measured macromolecular 190 

background (detailed below).26 191 

 192 

Processing of SV-MRS 193 

 194 

Single shots were corrected for small frequency and phase fluctuations, and residual eddy 195 

currents, and 32 single shots were summed per block. The frequency and phase of the 196 

spectra obtained for each block were aligned to each other within the scanning session and 197 

quantified in LCModel. The metabolite concentrations were corrected for variable water 198 

content in the gray and white matter, as well as for the within-voxel CSF fraction.27  199 

Finally, the spectra representing the first time-points (FIRST) and the last time-points (LAST) 200 

were pooled together and summed, resulting in two sums (FIRST and LAST) for each session 201 

(Deu-Glc and nonDeu-Glc). The FIRST and LAST from the Deu-Glc session were subtracted, 202 

and a difference spectrum was calculated. The difference spectrum characterized metabolite 203 

changes following Deu-Glc ingestion. In addition, the LAST points from the two sessions 204 

(nonDeu-Glc and Deu-Glc) were subtracted. The difference spectrum represented the effect 205 

of deuterium enrichment without the possible metabolic effects of hyperglycemia, which were 206 

present in both sessions.  The difference spectra were quantified in LCModel utilizing the 207 

basis sets that contained only the metabolites enriched with deuterium (detailed below) to 208 

estimate quantification errors, i.e., relative Cramer-Rao-Lower-Bounds (CRLB).28 209 

 210 

Quantification of MR spectra 211 

 212 

Basis sets previously routinely used to quantify 1H-MRS/MRSI data were modified to reflect 213 

the fact that deuterium is incorporated at certain carbon positions in the molecules. 214 

Modifications to the basis sets were performed based on the previous animal experiments, 215 

theoretical predictions, and preliminary analysis of the current data. Glu, Gln, and GABA 216 

included the split of proton signals that originated from different carbon positions for C2, C3, 217 

and C4. Thus, the basis set included all molecular variants that occurred in the brain in a 218 
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dynamically changing ratio and took into account the homonuclear (1H-1H) and heteronuclear 219 

(1H-2H) coupling constants. For instance, the basis set of glutamate included six components, 220 

i.e., those present in the molecule with all positions occupied with protons (C21H, C31H2, 221 

C41H2), in the molecule with one deuteron on the C4 (C21H, C31H2, C41H2H), and two 222 

deuterons on C4 (C21H, C31H2). Thus, we distinguished three variants of the C3 resonance 223 

affected by homo- and heteronuclear coupling with 1H and 2H at C4. While the couplings 224 

between protons and deuterons on the C3 and C4 (Glu and Gln) and C2 and C3 (GABA) 225 

were simulated, the couplings between C2 and C4 were minimal and were neglected. Yet, 226 

the number of components had to be reduced for MRS and MRSI data to preserve the stability 227 

of the fits. This was performed by neglecting the heteronuclear and homonuclear coupling 228 

effects of the deuteration, assuming that the dominant signal change occurred on the position 229 

where proton(s) is/are replaced by deuteron(s), i.e., C4 for Glu and Gln and C2 for GABA. 230 

Thus, we used only two components per metabolite (Glu2+3, Glu4; Gln2+3, Gln4; and GABA2, 231 

GABA3+4) to quantify SV-MRS data. The basis set was further simplified for MRSI, where we 232 

split only Glu2+3 and Glu4 resonances since the fitting with more components yielded a less 233 

stable quantification of neurochemical profiles. Finally, we used the components whose 234 

signals were expected to change due to progressive deuteration during the scans (i.e., for 235 

Glu and Gln: C41H2, C41H2H and two variants of C31H2 present in the molecule with and two 236 

deuterons; and for GABA: C21H2, C21H2H, and two variants C31H2) to quantify the difference 237 

spectra. As difference spectra do not contain the background of signals from the metabolites 238 

that were stable over the task, we could account for the subtle hetero- and homonuclear 239 

coupling effects. 240 

 241 

Quality control of MRS(I) data 242 

 243 

Voxels with sufficient temporal stability and spectral quality were selected using masks. The 244 

masks included voxels with CVs below 12% for the three main metabolites that remained 245 

stable during the scan, i.e., tCr, tCho, and tNAA. The criteria also utilized parameters 246 

provided by LCModel (FWHM<0.1 ppm, SNR>5, zero-order phase <40°) in line with expert 247 

recommendations.29 These criteria were utilized to calculate regional GM and WM means in 248 

metabolite concentrations, as well as to select the spectra used for the calculation of high-249 

SNR sums that represented either GM or WM. The metabolite concentrations quantified with 250 

all CRLBs were used for further analysis except those that could not be quantified with CRLBs 251 

of 999%. This criterion avoided bias due to an arbitrarily set CRLB threshold, cutting off lower 252 

concentrations with higher relative CRLB.30 The metabolites quantified with a CRLB of 999% 253 
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in most of the time-points (MRS), or consistently in more than 10% of voxels (MRSI), were 254 

not analyzed.31 255 

 256 

Statistical analysis  257 

 258 

Differences in metabolite concentrations were calculated between the first and last time-259 

point, and their significance was tested with the standard paired t-test separately within both 260 

sessions (Deu-Glc, nonDeu-Glc). Time-dependent decay in the Glu4 concentration after Deu-261 

Glc administration was fitted with an exponential function M=M0(-t/tau)+c per subject. The 262 

coefficient of variations in the time constants of the decay (tau) were calculated per session 263 

to express the between-subject variation of the metabolic rates between subjects in the 264 

region of interest (PCC, GM, WM). The concentrations of Gln4 (both sessions) and Glu4 265 

(nonDeu-Glc) were instead fitted with linear functions (Y=slopes*t+a).  266 

 267 

 268 

 269 

 270 

 271 

 272 

 273 

 274 

 275 

 276 

 277 

 278 

 279 

 280 

 281 

 282 

 283 

 284 

 285 

 286 

 287 

 288 
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Results (863 words): 289 

  290 

SV-MRS: time-course analysis 291 

 292 

While the signal amplitudes at the deuterated C4 position dropped for both Glu (Glu4) and 293 

Gln (Gln4) by 14.3% ± 2.0% (p = 0.00014) and 12.3% ± 4.5% (p=0.0019), respectively, 294 

following Deu-Glc ingestion in accord with previous animal data,1 Glu4 and Gln4 were stable 295 

during the control experiment using the administration of nonDeu-Glc (Table 1, Fig.1). Asp, 296 

Glu2+3, Gln2+3, GABA2, GABA3+4, and Lac, as well as all other metabolites, did not change 297 

significantly during both sessions. 298 

 299 

 300 

 301 

 302 

 303 

 304 

 

Fig.1. Quantification of SV-MR spectra in LCModel. Bar diagrams demonstrate means (errors bars 

represent standard error of the mean) of concentration comparisons quantified from the first and last 

time-point spectra following Deu-Glc and nonDeu-Glc administration. Peaks that originated from the 

specific carbon position undergoing deuteration, namely, the 4th carbon position for Glu (Glu4) and Gln 

(Gln4) and the 2nd carbon position for GABA (GABA2), were separated. Concentrations were compared 

with a standard, two-tailed, paired t-test between the first and last time-point within the Deu-Glc and 

nonDeu-Glc sessions.  
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The within-session average of Glc levels was 0.33 ± 0.2mM (p = 0.04) lower during the Deu-305 

Glc scan than during the nonDeu-Glc session, reflecting the 1H-invisible signal from the 306 

deuterated component of Deu-Glc. The Glc time-course gradually increased during the first 307 

half of the experiment and returned to baseline values subsequently. As our experiment 308 

resembled an oral glucose tolerance test, the time-course approximately reflects the glycemic 309 

levels typical for healthy subjects. Changes in the signal of GABA and GABA2 were not 310 

statistically significant, possibly due to higher variance in GABA and GABA2 typical for non-311 

edited 1H-MRS methodology. The robust signal change is visually discernible on individual 312 

subject spectra (Fig.2) 313 

 314 

 315 

Table 1. Metabolite concentration estimates, stability, and temporal changes with and without deuterated 

glucose. Data are calculated from concentrations quantified in µmol/g for single-voxel MRS and referenced 

to total creatine (tCr) for 3D-MRSI. The regional means from the gray and white matter voxels were used to 

calculate between-subject averages in metabolite concentrations. The average concentrations and their 

respective coefficients of variations measured immediately after nonDeu-Glc administration (the first time-

point). The within-session differences were calculated by subtracting the concentrations of the first and last 

data point, and their statistical significance was assessed via a standard, two-tailed, paired t-test (separately 

for Deu and nonDeu scans). The asterisks indicate statistical significance after correction for multiple 

comparisons with the false discovery rate method, which limited the likelihood of false positives to 3%.  

 

conc.
CV conc. CV

conc.
CV

(mean±SD) (mean±SD)(mean±SD) p-value (mean±SD) p (mean±SD)(mean±SD)(mean±SD) p (mean±SD) p (mean±SD) (mean±SD)(mean±SD) p (mean±SD) p

(/tCr) (%) (%) (%) (/tCr) (%) (%) (%) (/tCr) (%) (%) (%)

Asp 1.93±0.21 8.5±3.9 15.0±9.3 0.0221 8.5±10.9 0.17 0.44±0.02 6.2±8.0 -5.9±6.4 0.107 -3.4±1.8 0.01 0.47±0.03 3.9±2.4 1.6±1.5 0.0848 -2.3±4.7 0.36

Cr 3.78±0.12 2.0±0.8 -1.6±2.8 0.2563 -3.6±3.6 0.09 - - - - - - - - - - - -

Glc 1.46±0.16 17.3±7.1 9.5±23.4 0.4472 9.0±23.6 0.36 - - - - - - - - - - - -

GPC 0.79±0.08 4.0±1.0 4.2±4.0 0.0932 -4.5±3.2 0.04 - - - - - - - - - - - -

GSH 0.93±0.05 5.8±2.2 12.2±11.2 0.0894 -0.3±9.0 0.98 - - - - - - - - - - - -

myo-Ins 5.28±0.29 0.8±0.1 -1.8±0.9 0.0081 -0.6±0.8 0.15 0.82±0.05 2.3±0.9 -0.1±2.7 0.931 -0.6±2.7 0.65 0.84±0.07 2.2±0.6 -0.4±2.6 0.7662 -0.7±3.8 0.74

sIns 0.10±0.05 11.8±4.7 6.8±11.6 0.3219 -0.9±23.6 0.50 - - - - - - - - - - - -

Lac 0.54±0.29 22.3±18.6 6.5±21.9 0.8077-102.6±238.4 0.63 - - - - - - - - - - - -

PCr 2.60±0.09 2.6±0.9 0.3±2.7 0.7468 2.2±3.4 0.20 - - - - - - - - - - - -

PCho 0.30±0.03 10.3±2.1 -11.7±13.7 0.1103 6.1±13.40 0.34 - - - - - - - - - - - -

PE 2.37±0.19 3.7±1.1 1.7±6.0 0.5823 -1.0±5.6 0.72 - - - - - - - - - - - -

NAA 9.50±0.38 1.0±0.3 -2.2±1.6 0.0417 -0.4±0.3 0.03 - - - - - - - - - - - -

NAAG 0.64±0.10 8.2±3.8 0.0±6.3 0.8999 2.1±6.7 0.58 - - - - - - - - - - - -

Tau 1.07±0.15 4.9±0.5 -9.6±8.0 0.0641 6.4±4.2 0.03 0.35±0.02 4.2±1.2 -5.9±5.6 0.077 -1.2±6.2 0.69 0.38±0.03 3.6±1.5 -3.4±9.7 0.4758 -3.0±7.2 0.39

Glu23 13.15±0.27 1.9±0.7 -2.9±3.7 0.1546 0.4±1.9 0.62 0.72±0.04 2.3±2.6 -5.1±2.6 0.012 -4.2±6.7 0.23 0.71±0.02 2.7±2.7 -5.1±2.3 0.0068 -3.9±6.8 0.28

Glu4 7.79±0.25 1.3±0.1 14.4±2.3 0.0001* -0.7±2.3 0.55 0.54±0.04 1.7±1.8 13.4±3.5 0.001* -0.7±1.3 0.35 0.50±0.03 1.6±1.5 14.0±2.9 0.0007* -2.4±3.8 0.24

Gln23 0.64±0.55 33.7±14.1 11.3±64.0 0.9393 -24.8±56.1 0.26 - - - - - - - - - - - -

Gln - - - - - 0.30±0.03 6.3±4.1 -4.8±7.9 0.288 -3.1±8.5 0.46 0.30±0.02 5.5±3.1 0.3±6.2 0.8439 -9.4±8.8 0.07

Gln4 2.84±0.35 4.3±1.6 12.3±4.5 0.0019* 1.9±5.0 0.35 - - - - - - - - -

GABA - - - - - 0.23±0.02 2.9±1.7 -3.0±4.4 0.215 -5.1±7.4 0.20 0.23±0.01 2.8±1.1 -2.2±4.8 0.3675 -3.9±7.1 0.26

GABA2 1.22±0.24 8.2±1.2 8.8±19.5 0.2376 -3.8±15.1 0.58 - - - - - - - - - - - -

GABA34 1.82±0.65 20.0±14.4 -6.8±21.2 0.7203 -8.7±42.2 0.89 - - - - - - - - - - - -

Glc+Tau 2.53±0.26 1.5±0.6 0.8±14.9 0.9512 7.8±15.4 0.25 - - - - - - - - - - - -

tCh 1.08±0.08 1.1±0.4 0.9±3.4 0.5877 -1.4±3.0 0.37 0.33±0.02 0.9±0.8 -2.3±1.8 0.050 -0.5±1.9 0.60 0.35±0.23 1.0±0.6 -1.7±1.8 0.1051 -0.9±2.1 0.43

tCr 6.38±0.11 1.2±0.5 -0.8±1.7 0.3335 -1.2±1.8 0.22 1.00±0.00 - - - - - 1.00±0.00 - - - - -

tNAA 10.14±0.45 1.9±0.3 -2.1±1.6 0.0481 -0.3±0.5 0.23 1.47±0.08 1.9±2.5 1.1±3.9 0.575 -1.2±2.2 0.30 1.59±0.06 1.7±2.2 1.4±3.2 0.4114 -0.3±2.1 0.78

Posterior cingulum Whole gray matter Whole white matter 

Metabolite

Dconc.             

Deu-Glc

Dconc.            

nonDeu-Glc

Dconc.            

Deu-Glc

Dconc.           

nonDeu-Glc

Dconc.             

Deu-Glc

Dconc.         

nonDeu-Glc
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 316 

 

Fig. 2. Example of single-voxel MR spectra obtained in the posterior cingulum in one 

participant. The displayed spectra were obtained after peroral administration of Deu-Glc. The 

summed spectra in the upper row show decreasing signal at the resonance frequency of -C41H2- in 

the glutamate molecule (2.34 ppm) due to enrichment of the glutamate pool with 2H (either -C42H2H- 

or -C42H1H). The robust change at the 4th carbon position is documented by the increasing signal 

amplitude at 2.34 ppm in the difference spectra calculated by subtraction of the respective spectrum 

from the last session minus the first session.  

 

Fig.3. Difference spectra and their quantification. Summed spectra from all subjects (N=5) 

represent the first and last time-points after Deu-Glc and nonDeu-Glc ingestion. The spectra in 

panel A and B were linewidth-matched with exponential line-broadening and subtracted. While 

the resulting difference spectrum in panel A represents the effect of metabolite Deu enrichment, 

the similar difference spectrum in panel B corroborates the fact that metabolite changes were 

not related to the nonDeu-Glc administration, but were, indeed, a consequence of the deuterium 

enrichment.  The difference spectra reflect oscillations of the Glc signal after Deu/nonDeu-Glc 

administration. The metabolite components were obtained via LCModel analysis using a basis 

set containing simulated spectra of neurochemicals that were undergoing deuteration (i.e., Glu, 

Gln, and GABA). The proton signals that originated from different carbon groups were separated. 
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To corroborate the LCModel analysis of single-subject data, high-SNR spectra were 317 

calculated by summing the spectra from all subjects (N = 5). The summed spectra and their 318 

differences displayed in Fig. 3 clearly demonstrate the effect of deuterium enrichment (Fig. 319 

3A) and rule out hyperglycemia and/or acquisition instabilities as possible confounders (Fig, 320 

3B). While the quantification of single-subject time-courses did not reveal a change in GABA2, 321 

the quantification of difference spectra yielded Cramér-Rao lower bounds, i.e., the estimates 322 

of quantification error, of 16% for GABA2.  323 

 324 

While the exponential and linear fits of Glu4 and Gln4 data clearly demonstrated decaying 325 

signals in the Deu-Glc session, the linear fitting of the paired nonDeu-Glc data showed stable 326 

Glu4 and Gln4 concentrations during the session (Fig. 4). The exponential rate constants (tau) 327 

were obtained per subject from Glu4 with a coefficient of variation of 26%. The decaying 328 

slopes of Gln4 were obtained with a between-subject variance of 50%. 329 

Overall, concentrations of 14 metabolites were quantified with average within-session CVs 330 

below 5% (MM, Cr, GPC, myo-Ins, PCr, PE, NAA, Tau, Glu2+3, Glu4, Gln4, tCho, tCr, tNAA), 331 

 

Fig. 4. Fitting of time courses obtained by quantification of single-voxel MR spectra in LCModel. 

Decay in the concentrations of glutamate (Glu4) and glutamine (Gln4) were fitted using the exponential 

function Y=Y0
(-t/tau)+c (Glu4), and linear regression Y = a + bX (Gln4). The time-courses and their fits 

following Deu-Glc ingestion contrast with those with stable Glu4 and Gln4 fits in nonDeu-Glc sessions.  
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and another eight (Asp, Glc, GSH, scyllo-Ins, PCh, NAAG, GABA2, Glc+Tau) with CVs below 332 

20% as assessed from concentrations obtained from the nonDeu-Glc scan (Table 1).  333 

 334 

 335 

3D-MRSI: voxel-wise time-course analysis 336 

  337 

Analysis of time-courses on a per-voxel basis revealed a drop in Glu signal at the C4 position 338 

(Glu4) by 13.4%±3.5% in GM (p = 0.001) and 14.0%±2.9% in WM (p = 0.0007, Table 1). For 339 

all other reliably quantified metabolites, no significant changes were found during the Deu-340 

Glc scan (Table 1). As expected, all metabolites were stable during the nonDeu-Glc session 341 

(tCho, tNAA, GABA, Gln, Glu4, Glu2+3, myo-Ins). The regional difference in the Glu4 drop 342 

between GM and WM during the Deu-Glc session was reflected by the spectra shown in Fig. 343 

5. The signal attenuation around 2.34 ppm (i.e., Glu4 resonance) and no other major signal 344 

changes in other LCModel-quantified spectral regions (1.9-4.2 ppm) corroborated the robust 345 

detection of DGlu4 with single-subject spectral analysis during the Deu-Glc experiment.  346 

 347 

As the magnitude of Glu4 signal attenuation is influenced by the variable initiation and 348 

duration of the MRS data acquisition among scans, each single-subject temporal MRSI 349 

dataset was fitted with an exponential function to characterize the speed of signal decay—350 

Fig 5. Effect of Deu-Glc on the spectra obtained from the gray and white matter with 3D multivoxel 

MRS. Difference spectra were calculated by subtraction of spectra obtained from the first and last time-

point after deuterium ingestion in one healthy volunteer. The spectra were selected using a quality control 

mask and segmented gray or white matter masks. The signal loss at 2.34 ppm reflects the exchange of 

protons and deuterons at the 4th carbon position in the glutamate molecule and is displayed as a positive 

peak in the difference spectra. The signal decay is convincingly found in both gray and white matter. 

Lack of unwanted signals in the quantified range 1.9-4.2 ppm verifies good spectral quality and stability 

during the acquisition.  
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the time constant (tau)—which is well characterized in each scan session. The averaged fits 351 

are shown in Fig.6. The exponential fit of Glu4 concentrations yielded tau values (the rate 352 

constants) of 44±22 minutes and 52±23 minutes in GM and WM, respectively, in the Deu-Glc 353 

sessions. The decay was 18% faster in GM than in WM, on average. The linear regression 354 

of the Glu4/tCr time-courses measured during the nonDeu-Glc session (exponential fits) 355 

yielded non-significant slopes of 0.00002±0.00006 and 0.0001±0.0002 (p>0.07), thus 356 

indicating no effect of glucose load on the Glu4 and good stability of the measurements. While 357 

the between-subject CVs for the concentration differences in Glu4 were 26% (GM) and 21% 358 

(WM), the respective CVs calculated from the rate constants (tau) were 50% (GM) and 45% 359 

(WM).  360 

 361 

 362 

 363 

 364 

 365 

 366 

 367 

 368 

 369 

 370 

 371 

 372 

 373 

In GM and WM, 372±169 and 737±280 voxels, respectively, fulfilled the quality assessment 374 

criteria and were, thus, used to calculate regional means for each time-point and their CVs 375 

per session (Table 1). LCModel quantified 10 metabolites referenced to tCr with within-376 

session CVs below 7%, i.e., Asp, myo-Ins, Tau, Glu2+3, Glu4, Gln, GABA, tCho, and tNAA as 377 

assessed on the data measured in the nonDeu-Glc session. Namely, Glu4 was consistently 378 

quantified with CVs below 2% in both GM and WM.  379 

 380 

Finally, single-subject MRSI time-courses obtained with high time resolution (Fig. 7A, 7B) 381 

were fitted with linear regression per voxel (Fig. 7C). The resulting slopes (p < 0.05, r < -0.8) 382 

were steeper in the GM than in the WM by 19% and yielded a contrast between gray and 383 

white matter on the slope map (Fig. 7C). The linear regression was found more appropriate 384 

 

Fig 6. Fitting of time courses from averaged regional MRSI maps: Exponential averaged decays 

of Glu4/tCr within-session time-courses after Deu-Glc ingestion (A) are in contrast with stable linear 

fits for Glu4/tCr after nonDeu-Glc (B). The exponential fits showed 18% faster decay (smaller 

constant of the decay – tau, M=M0(-t/tau)+c) in the gray (blue) than in the white matter (red). 
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than using an exponential function to fit time-courses obtained from each voxel with a lower 385 

signal-to-noise ratio than time-courses that used regional means, as shown in Fig. 7B. 386 

 

Fig 7. Voxel-wise fitting of glutamate time-courses obtained with high time resolution. 

MRSI data were acquired in one participant with a time-resolution of five minutes after peroral 

administration of Deu-Glc (panel A). Spectral postprocessing included channel-wise L2-

regularization for suppression of unwanted lipid signals. Maps demonstrate the signal decay of 

protons on the 4th carbon position in the glutamate molecule (Glu4). The stable Glu4 from the 

session after the ingestion of nonDeu-Glc are displayed for comparison. The plots (panel B) show 

fractional decay of regional Glu4 averages in the gray and white matter regions. Voxel-wise linear 

regression was applied to Glu4 time-courses (panel C). Respective slopes tend to be higher in 

the gray matter, which suggests a higher glutamate turnover in the gray than in the white matter.   
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Discussion (2008 words) 387 

 388 

The current work reveals the tremendous potential of deuterium labeling to measure the 389 

turnover of metabolites involved in oxidative glucose metabolism in the human brain. 390 

Impaired glucose homeostasis and mitochondrial dysfunction are key components in the 391 

pathophysiology of neurodegenerative diseases, such as Alzheimer’s and other forms of 392 

dementia, and also in metabolic disorders, including obesity and insulin resistance,32 moving 393 

the imaging of brain glucose metabolism to center stage.33 The development of non-invasive 394 

methods that enable objective, dynamic, and longitudinal metabolic tracking in health, 395 

disease, and aging are urgently needed to track the treatment effects and support emerging 396 

therapies.34 397 

 398 

Here, we established for the first time dynamic downstream Glu mapping after Deu-Glc 399 

administration using a novel multi-voxel 1H-MRSI sequence, which was corroborated by the 400 

well-established, single-voxel, functional MRS methodology.12,28 Our work benefited from the 401 

combination of ultra-high-field (7T) and a high natural abundance of protons in the human 402 

body. Our indirect detection of 2H with 1H-MRS(I) utilized commercially available 403 

radiofrequency coils and optimized 1H-MRS approaches to overcome the major drawbacks 404 

of direct techniques tuned to the deuterium frequency (2H-MRS) that require dedicated coils 405 

and pulse sequences.35 Compared to 2H-MRS, our proposed indirect approach also enabled 406 

the detection of GABA changes and the separation of Glu from Gln, which is not feasible 407 

using 2H-MRS even at ultra-high MR fields (16.4T) due to the limited spectral resolution of 408 

2H-spectra.36 The orally administered deuterated Glc is safe, stable, and affordable compared 409 

to radioactive PET tracers with short half-lives, which require technically challenging onsite 410 

preparation and expensive cyclotrons. We have also demonstrated the potential of 2H-to-1H-411 

MRS to overcome the challenges of 13C-MRS, which was previously the only method for 412 

quantitative assessment of TCA kinetics and Glu and Gln cycling. We demonstrated that 413 

modified basis sets with separated Glu and Gln components on the C4 position enabled the 414 

extraction of quantitative information about Glu and Gln turnover in a manner similar to that 415 

of the technically challenging 13C-MRS. Although we could not convincingly track GABA 416 

changes in individual data, our results demonstrated signal changes in GABA2 on the group 417 

level using difference spectra calculated from pooled data with reasonable quantification 418 

errors (CRLB of 16%). The analysis of difference spectra convincingly corroborated Gln4 and 419 

Glu4 changes captured in individual data. The fitting of difference spectra constructed by 420 

subtracting spectra pooled from multiple subjects indeed benefits from a high signal-to-noise 421 
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ratio and elimination of signals from static metabolites, including the molecular background. 422 

We expect a further boost of quantification of J-coupled relatively low-abundant metabolites 423 

such as GABA and Gln by optimization of the sequences for higher fields (i.e., above 7T) 424 

and/or by spectral editing techniques, possibly enabling robust GABA detection even at low-425 

field MR scanners.37,38.  426 

 427 

The fact that the resting and the stimuli-activated brain both utilize the same mitochondrial 428 

oxidative pathway highlights the incredible clinical utility of deuterium imaging. Deuterium 429 

imaging might thus measure Glu, Lac, Asp, and Glc modulations after neuronal activation in 430 

response to visual stimulation or various pharmacological interventions.18,39 The deuteration 431 

of molecules (i.e., replacing 1H with 2H nuclei) is a simple chemical procedure that allows 432 

labeling of a broad range of substances with minimal influence on their in vivo kinetics within 433 

metabolite cycles.40 Other deuterated tracers, such as deuterated choline, could be detected 434 

indirectly with 1H-MRS, and its increased uptake has been shown in brain tumors with direct 435 

2H-MRS.41 Deuterium metabolic imaging will also allow the utilization of deuterated-ketone 436 

bodies, such as beta-hydroxybutyrate (BHB)42 and acetate,8, which serve as alternative brain 437 

fuels, especially during fasting, with critical implications in AD,44  some forms of epilepsy45, 438 

and brain tumors. While we did not detect any lactate changes due to minimal employment 439 

of the glycolytic paths in the healthy brain, 1H-MRS is highly sensitive to lactate.12 Indirect 2H-440 

to-1H-MRS(I) can be thus used to measure the Warburg effect, a shift toward anaerobic 441 

glycolysis due to mitochondrial failure in ischemia and brain tumors,  as shown in animal 442 

glioma models.1 Increased lactate is also a hallmark of aging-related mitochondrial 443 

dysfunction,46 and it is conceivable that lactate production accompanies deteriorated Glu 444 

production via the TCA cycle in neurodegeneration.47 Thus, the characterization of the main 445 

Glc pathways through Lac and Glu dynamics extends the clinical utility of this method.  446 

 447 

Our study demonstrated major methodical advancements that are critical for future 448 

applications. We reduced the voxel volume, minimized the partial volume effect, and 449 

achieved substantial signal gain due to the implementation of a concentric ring trajectory 450 

readout.11,25 We have already demonstrated that MRSI can be further accelerated via k-451 

space undersampling to extend the coverage of 2H-to-1H-MRSI over the whole brain.23 The 452 

spatial resolution in our project was almost two magnitudes higher than for previous direct 453 

2H-MRSI studies at 4T (0.12 mL vs. 8 mL).35 454 

 455 
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The nearly twenty percent difference in the glutamate turnover in the gray and white matter 456 

is in line with the current gold standard ([18F]FDG-PET studies, which measured the 457 

differences in the CMRGlc (oxidative) at 0.18 and 0.24 µmol/g/min,48,49 i.e., ~33% higher 458 

oxidative Glc consumption ascribed to the higher inhibitory and excitatory demands of the 459 

gray matter.50 However, the between-subject differences (last minus first point) in Glu4 were 460 

more similar in the PCC (DGlu4=14%, 80% GM/WM fraction, SV-MRS) than in the GM 461 

(DGlu4=13%, MRSI) and WM (DGlu4=14%, MRSI). This indicates that similar relative 462 

differences between the first point and steady-state are achieved at a different speed. The 463 

robust detection of within-session differences in Glu4 was enabled by excellent CVs (2% for 464 

both methods), which were well below the detected differences. While the between-subject 465 

variance in the concentration differences between the first point and the last point was 19% 466 

(PCC - SV-MRS), 26% (GM - MRSI), and 21% (WM – MRSI), the between-subject variance 467 

in Glu rates appeared similar for MRS (~ 25%)  and higher for MRSI (50% for GM and 45% 468 

for WM). Thus, MRS fitting yielded a similar variance from the gold standard ([18F]FDG-PET 469 

measures of CMRGlc, reported in the range of 19%-29% (mean – median) between 470 

subjects.51,52 This can be mainly ascribed to high physiological variation in the resting brain 471 

metabolism. Also, this is a preliminary study, and further technical improvements are 472 

expected to yield even higher reproducibility also on a voxel-by-voxel level. The variance can 473 

be further lowered by using only a single, e.g., only 2H-to-1H-MRSI technique, thereby 474 

improving the time resolution and the exponential fits (Fig 7B) and yielding ~3x more time 475 

points than the current study. The stability of the measurements might be further increased 476 

by prospective motion correction methods based on tracking with an optical camera or 477 

navigators,53 further boosting the stability of quantification while refining the assessment of 478 

smaller brain regions. The drawbacks of the current 1H-MRSI methods can be overcome by 479 

advanced B0 shimming approaches, such as higher-order shims above 2nd order, 480 

complementary matrix B0 shims, and dynamic shim updates to mitigate temporal B0 481 

instabilities during dynamic acquisitions. These advancements will make challenging brain 482 

regions (hippocampus) and more spectral components accessible with higher reproducibility. 483 

Finally, a major developmental aspect will be the incorporation of (k,t)-undersampling 484 

methods, which are routinely used in clinical, dynamic, contrast-enhanced MRI54 and for 485 

which >10-fold improvements in temporal resolution or alternatively higher spatial resolution 486 

at similar temporal resolution are currently commonly achieved without compromising spatial 487 

resolution.55,56 Despite these methodological limitations, we clearly proved that observed 488 

metabolite changes are related to deuterium enrichment and the measured signal time 489 

courses are suitable for quantitative modeling of metabolite kinetics. The two-session design 490 
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demonstrated that metabolite changes were not related to instability in the spectral quality or 491 

the metabolic effects of hyperglycemia. 492 

 493 

While the minimally invasive peroral administration of the tracer highlights the clinical utility 494 

of our approach, it might limit the interpretation of brain Glc levels. Glc time-courses during 495 

the acquisition reflects the plasmatic concentrations during the experiment, which resembles 496 

the oral Glc tolerance test and prolonged resorption of the glucose from the stomach. The 497 

Glc concentration measured in the brain is a mix of Glc signals originating from the vascular 498 

and brain tissue compartments and would not allow neglecting vascular Glc concentrations 499 

during prolonged hyperglycemia.36 Thus, the interpretation of Glc time-courses is not entirely 500 

straightforward. However, the sensitive detection of Glc differences between non-Deu-Glc 501 

and Deu-Glc sessions (~0.3 mM) and excellent quantification accuracy (CRLBGlc+Tau = ~7%) 502 

with SV-MRS promise feasible tracking of Glc increase after incorporation of Deu-Glc to 503 

downstream metabolism. Future studies will benefit from blood sampling to measure blood 504 

glucose deuterium enrichment as a function of time or intravenous Deu-Glc administration 505 

and quantitative compartmental modeling approaches.57 Indeed, in the intravenous 506 

experiment, the blood Deu-Glc enrichment dropped shortly after the bolus of the tracer and 507 

could be neglected in the metabolite modeling.36 The peroral Deu-Glc load and postprandial 508 

hyperglycemia can complicate the clinical scenarios when glucose homeostasis is 509 

compromised, for example, in diabetic patients.  510 

 511 

The primary hormone responsible for the regulation of peripheral and brain glucose 512 

metabolism is insulin, which is released from the endocrine pancreas in response to rising 513 

blood glucose levels. Insulin is transported across the blood-brain barrier to the CNS via 514 

saturable transporters, affecting both brain function and peripheral metabolism.14 While 515 

peripheral hyperinsulinemia does, indeed, lead to brain hyperinsulinemia, their extent and 516 

kinetics are distinct since the transport of insulin to the brain is saturable, and the insulin has 517 

a longer half-life in the brain than in the periphery58. There is no clear consensus about 518 

whether and how systemic hyperinsulinemia affects brain metabolism.59–61 Although we did 519 

not observe significant changes in metabolite levels after dextrose administration, in 520 

agreement with the previous study,62 we cannot rule out that hyperglycemia and 521 

hyperinsulinemia affect the speed of deuterium enrichment that is not accompanied by 522 

changes in metabolite concentrations. In another study, however, insulin infusion did not 523 

significantly impact glucose transport kinetics with plasma insulin concentrations up to 100 524 

pmol/L.60 Therefore, our measurements of metabolite decays with postprandial (moderate) 525 
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plasma insulin levels are unlikely affected by insulin increase after tracer ingestion in subjects 526 

without insulin intolerance. Also, in another study, the circulating insulin did not influence the 527 

brain glucose uptake, but the insulin resistance status significantly affected brain glucose 528 

kinetics.63 Hence, while peripheral insulin does not play a significant role in the brain glucose 529 

metabolism, the metabolic effects of central insulin action and resistance could be more 530 

pronounced. Obesity and type 2 diabetes are associated with alterations in glucose 531 

metabolism and insulin resistance, including central insulin signaling defects,64 which also 532 

play an essential role in AD development.65 In addition, the transport of insulin across the 533 

blood-brain barrier is affected by insulin resistance and obesity.66 Thus, applying the current 534 

methodology in the setting of pronounced insulin resistance might require the exclusion of 535 

differences in systemic insulin levels, which can be achieved by combination with a 536 

pancreatic clamp.  537 

 538 

Due to recent advancements, it is plausible that the technique can be applied on widely 539 

available 3T clinical scanners. 10,34 Whereas 7T MR scanners have recently been clinically 540 

approved, they are still not as widely available as lower field 3T scanners. Indeed, 3T SV-541 

MRS detected subtle Glu and Glc responses to visual stimulation on the order of 3-4% (Glu) 542 

and ~20% (Glc) 67 and similar 1H-MRSI techniques for whole brain Glu mapping within 4 543 

minutes34 promise implementation of the indirect Deu-MRS(I) despite the lower spectral and 544 

reduced spatial resolution at 3T. 545 

 546 

Noninvasive quantification and imaging of metabolite changes relevant to the glucose 547 

metabolism and neurotransmitter synthesis (Glu/Gln, GABA) are beneficial for virtually all 548 

brain disorders. Here, we have introduced a novel, affordable approach for metabolic 549 

measures that utilizes widely available 1H-MR scanner equipment to detect deuterated 550 

compounds indirectly and can thus be easily used in clinical applications. The negligible risk 551 

associated with deuterium administration compared to radioactive ([18F]FDG predetermines 552 

the methodology, especially for studies with a multi-session design to track treatment effects 553 

or disease progression over time. In contrast to direct 2H-MRS, proton-MRS allows 554 

quantification of a vastly extended neurochemical profile, including non-deuterated 555 

compounds. Thus, the current methodology provides a critical step forward for future 556 

metabolic projects in the resting or activated brain in disease, health, and aging, which will 557 

offer relevant metabolic information using widely available hardware in a single MR session.   558 

 559 
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