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absence of significant signal saturation. Studies with deuterated substrates, including [6,6'->H,]glucose,
[2Hs]acetate, [?Hg]choline and [2,3-?H,]fumarate have demonstrated the considerable potential of DMI

Iﬁngr‘f_s-‘ for imaging tissue metabolism and cell death in vivo. The technique is evaluated here in comparison with
D::iegl:fnm established metabolic imaging techniques, including PET measurements of 2-deoxy-2-['®F]fluoro-p-

Hyperpolarized-'3C glucose (FDG) uptake and '>C MR imaging of the metabolism of hyperpolarized '>C-labeled substrates.
PET © 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CCBY license (http://
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1. Introduction
1.1. Clinical metabolic imaging

Metabolic imaging using MRI and PET is a powerful non-
invasive technique for the clinical assessment of a range of
pathologies, in particular cancer. In contrast to conventional
anatomical imaging with CT and MRI, metabolic imaging is capable
of detecting early changes in disease state that can precede mor-
phological changes [1]. While proton MRS can provide a profile
of the steady state concentrations of tissue metabolites [2], it lacks
information about metabolic flux. Flux measurements using MRS
have typically involved the administration of '>C-labeled sub-
strates and then monitoring '3C label incorporation into down-
stream metabolites. These studies, which became popular in the
1980s [3], were eventually translated to the clinic where they were
used, for example, to measure muscle glycogen synthesis following
intravenous injection of ['3C]glucose [4]. However, lack of sensitiv-
ity, which results in poor temporal and spatial resolution, pre-
cluded widespread clinical adoption. More recently the
sensitivity problem has been addressed by pre-polarizing the '3C
nuclear spins using dynamic nuclear polarization (DNP) [5] or
parahydrogen-induced polarization (PHIP) techniques [6], which
has led to much improved temporal and spatial resolutions. How-
ever, the complexity and cost of the DNP process coupled with the
very short lifetime of the nuclear spin hyperpolarization (typically
2-3 min) has, at the present time, inhibited more widespread clin-
ical application. The recent demonstration that 2H MRI (DMI) could
be used to follow the metabolism of [6,6'-2H,]glucose following
oral administration in healthy normal volunteers and in cancer
patients [7] has led to a resurgence of interest in this metabolic
imaging technique, which was first described in the 1980s (re-
viewed in [8]).

1.2. ?H as an isotope label for metabolic imaging

At first sight 2H would appear to be an unpromising isotope
label for probing tissue metabolism with magnetic resonance.
The low gyromagnetic ratio (~6.5x lower than proton) and narrow
spectral frequency range, coupled with broad resonances resulting
from deuterium’s nuclear quadrupolar moment, can lead to poorly
resolved spectra that are detected with relatively low sensitivity.
For example, the resonances of glutamate and glutamine labeled
at the C4 position (also called CY) are not resolved and their inten-
sities are typically reported as the sum for glutamate and glu-
tamine (abbreviated as GIx) [7,9]. However, the generally short
metabolite T; relaxation times means that the low sensitivity can
be compensated by rapid signal acquisition, in the absence of sig-
nificant signal saturation, and image resolutions have been
obtained clinically in the brain that are comparable with those
obtained for hyperpolarized '3C-labeled lactate, albeit with a
longer acquisition time and at a higher magnetic field [10,11].
The low natural abundance of the isotope (0.0115 %) means that
apart from labeled water there are no background signals, which
reduces spectral crowding. For example, there is little or no signal
from lipids, which can hinder 'H spectroscopy in vivo, and the nat-
ural abundance water resonance (which is equivalent to ~ 14 mM
deuterium in tissue) provides an inbuilt concentration standard
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which, when correcting for saturation of the metabolite signals,
allows signal intensities to be converted into absolute concentra-
tions [8]. The T;s of the deuterated metabolites of interest are
mostly short but for some metabolites absolute quantification
requires some correction for signal saturation. For example, for
[6,6'-*H,]glucose, which has a T; of 50-70 ms in vivo, this is less
of a problem than for [?HsJacetate, which has T; in vivo of over
2 s [12]. There has been some variation in the values used for the
deuterium isotopic content of water in the DMI studies of metabo-
lism published thus far, reflecting the fact that there is some vari-
ation in this value across the planet [8]. The metabolism of
deuterium-labeled substrates will show a kinetic isotope effect if
cleavage of a C—H bond, where the hydrogen is substituted for
deuterium, is rate-limiting for the enzyme-catalyzed reaction. In
general, however, kinetic isotope effects in enzyme-catalyzed reac-
tions tend to be small and moreover would only affect metabolic
flux in vivo if the enzyme had a high flux control coefficient for
pathway flux. In metabolic pathways control tends to be dis-
tributed with no one enzyme controlling flux [13]. Studies in rat
brain with glucose and acetate double labeled with '*C and 2H
showed that kinetic isotope effects were very small [14].

1.3. Techniques for imaging the metabolism of 2H-labeled substrates

Many of the initial studies imaging [6,6'-*H,]glucose metabo-
lism used chemical shift imaging (CSI), often accompanied by the
use of de-noising techniques to improve signal-to-noise ratios
(SNR). Li et al [15] used extended k-space sampling and a machine
learning approach to de-noising that produced images from rat
brain tumors at 16.4 T with a nominal spatial resolution of 1.65 x
1.65 x 4.8 mm> and a temporal resolution of 0.9 - 1.8 min, an
impressive 7-fold improvement in spatial resolution and 6-fold
improvement in temporal resolution over a de-noising method
used previously [16]. In addition to using de-noising techniques
SNR can also be increased by acquiring signal at high magnetic
fields and by using alternative pulse sequences to CSI. de Graaf
et al. [17] showed that for the small surface coils used in animal
studies the sensitivity scales with the magnetic field to a power
of + 1.75, which is in agreement with theory if coil noise domi-
nates, and for larger clinical surface coils as a + 1.65 power. At
9.4 T and using a double-tuned phased array coil with 10 trans-
mit/receive channels for 'H and 8 transmit/receive channels for
2H Ruhm et al [10] used a CSI sequence to follow the metabolism
of [6,6'-2H,]glucose to produce labeled Glx and water in the human
brain with a temporal resolution of 10 min and a spatial resolution
of 15 x 15.4 x 12.9 mm (voxel volume 2.97 mL). A similar study at
7 T achieved a nominal spatial resolution of 2.7 mL [18]. Peters
et al. [19] combined a balanced steady state free precession
sequence with IDEAL spectroscopic encoding to produce high res-
olution 2H images of labeled water, glucose and lactate in ortho-
topic pancreatic tumor models in mice and showed that the
sequence gave a threefold higher SNR for glucose and a twofold
higher SNR for water than CSI. Incorporation of a DMI acquisition
into a clinical protocol would inevitably add significantly to the
time the patient was in the scanner if the 'H and ?H acquisitions
were performed sequentially. Liu et al. [20] exploited the short rep-
etition times used in DMI to interleave acquisition of the >H images
within the delay periods in the proton sequence, thus acquiring the
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'H and 2H images effectively simultaneously and without detri-
ment to the quality of either image. Most clinical scanners are opti-
mized for 'H detection. Liu et al. got around this problem by using
a custom-built hardware unit to up-convert the 2H signals to 'H
frequencies so that only 'H frequencies were sent to the scanner’s
receive path. Another solution to this problem is to detect *H incor-
poration into cell metabolites indirectly by monitoring the
decrease in intensity of their proton resonances, a technique used
over 40 years ago to detect lactate labeling from [*Hs]pyruvate in
erythrocyte suspensions [21]. Rich et al. [22] detected glutamate,
glutamine and y-aminobutyric acid labeling through decreases in
their signal intensities in 'H spectra acquired at 9.4 T from the
brains of rats infused with [6,6'-*H,]glucose. In rats with orthotopi-
cally implanted gliomas they also detected lactate production in
the tumors. The majority of the experiments employed single voxel
proton spectroscopy although they also detected glutamate label-
ing in normal rat brain using 'H CSI measurements. The group sub-
sequently demonstrated this technique in normal human brain
with proton CSI acquisitions at 7 T in subjects administered
[6,6'-2Ha]glucose orally [23].

We discuss in the following the ?H-labeled substrates that have
been described to date, how they can be used with DMI to probe
various aspects of tissue metabolism and how they compare with
the same or similar substrates that have been labeled with PET-
detectable radionuclides or '3C MR-detectable hyperpolarized '3C
labels.

Progress in Nuclear Magnetic Resonance Spectroscopy 134-135 (2023) 39-51
2. Imaging glucose metabolism
2.1. Imaging with H-labeled glucose

The most widely used substrate to date has been [6,6'->H;]glu-
cose, whose metabolism in the glycolytic pathway results, in some
tissues, in detectable labeling of the lactate methyl group, with
entry of methyl group-labeled pyruvate into the mitochondrial tri-
carboxylic acid (TCA) cycle resulting in labeling of the TCA cycle
intermediate, o-ketoglutarate, at the C4 position. Labeled o-
ketoglutarate exchanges its C4 deuterium label with glutamate,
which can also be converted into glutamine, resulting in labeling
of both glutamate and glutamine at their C4 positions (GIx)
(Fig. 1 A&B).

Glx labeling provides a detectable surrogate for o-ketoglutarate
labeling and therefore for TCA cycle flux. The relationship between
[6,6'-?H,]glucose consumption and lactate production is not stoi-
chiometric since the deuterium label can be lost to solvent water
in several enzyme catalyzed reactions, including that catalyzed
by pyruvate kinase, and via Schiff base formation with cell amino
groups [24]. Some of the 2H label that enters the TCA cycle via
pyruvate is also lost to solvent water in the reactions catalyzed
by aconitase and isocitrate dehydrogenase before the remaining
label appears in a-ketoglutarate. Glucose labeled at the C1 position
also gives rise to labeled lactate and Glx, although some of this
label at the C1 position is lost to the pentose phosphate pathway
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Fig. 1. Deuterated glucose metabolism. (A) Glucose is delivered via the blood stream and enters the cell via the glucose transporters where it is phosphorylated to produce
glucose 6-phosphate (G6P) in the reaction catalysed by hexokinase, the first enzyme in the glycolytic pathway. G6P is then metabolized through a series of reactions to
produce pyruvate, which is then either reduced to produce lactate, catalysed by lactate dehydrogenase (LDH), or converted into acetyl-CoA by the mitochondrial pyruvate
dehydrogenase (PDH) complex. Acetyl-CoA then enters the TCA cycle where it undergoes a series of oxidation reactions that lead ultimately to the generation of ATP and TCA
cycle intermediates that serve as the starting point for various biosynthetic reactions. a-ketoglutarate, one of these intermediates, is in rapid exchange with glutamate, in the
reaction catalysed by glutamate-pyruvate transaminase. Glutamate can be converted, in an irreversible reaction catalysed by glutamine synthetase, to produce glutamine,
which can be broken down to glutamate in another irreversible reaction catalysed by glutaminase. The labeling patterns in pyruvate, lactate, a-ketoglutarate, glutamate and
glutamine are described in [8]. (B) Representative 2H spectrum acquired from the brain of a mouse with an orthotopically implanted patient-derived glioblastoma xenograft
following intravenous administration of 2 g/kg [6,6'->H;]glucose (unpublished data). (C) Maps of the labeled lactate/Glx ratio following oral administration of [6,6'-*H,]
glucose to a glioblastoma patient. The ratio is markedly increased in the tumour, reflecting increased glycolytic metabolism when compared to normal brain tissue. (Image
reproduced with permission from [7]).
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(PPP) and also through phosphomannose isomerase activity [8].
Deuterium labels at the C2-C5 positions in glucose are all lost to
solvent water in the glycolytic pathway and therefore using
[U-2H;]-glucose as the labeled substrate results in substantially
more water labeling. However, using the 2H signal from labeled
water as a surrogate for imaging glycolytic and TCA cycle activities
is compromised in vivo by wash-in of labeled water from other tis-
sues [16]. Nevertheless, this approach has been used in rats infused
with [U-?H;]-glucose to image cerebral metabolism by imaging the
water labeling that occurred in a pseudo-steady state obtained
prior to wash-in of labeled water from peripheral tissues [25].
Label loss to solvent water will likely be a problem for other 2H-
labeled substrates and can reduce sensitivity. For example, the
hydration of [2,3-2H,]fumarate to produce labeled malate in the
reaction catalyzed by fumarase has been used to detect tumor cell
necrosis in vivo [26]. However, 2H label in malate can be lost to sol-
vent water through exchange with oxaloacetate, in the reaction
catalyzed by malate dehydrogenase, and subsequent keto-enol
tautomerization of the oxaloacetate.

The current resurgence in interest in 2H MRSI as a metabolic
imaging technique can be traced back to two papers published in
2017 and 2018, in which ?H MR was used to monitor brain
[6,6'->H>]glucose metabolism. Chen and colleagues used *H MRS
at 16.4 T to measure cerebral glucose and GIx labeling in rats
infused with [6,6'->H,]glucose and demonstrated greater neuronal
activity (increased cerebral glucose consumption and TCA cycle
flux) under morphine as compared to isoflurane anesthesia [9].
de Graaf and colleagues used a pulse-acquire sequence with 3D
phase-encoding gradients following the excitation pulse to map
the metabolism of [6,6'-2H,]glucose and [?Hs]acetate in rat brain
at 11.7 T, where they observed labeling of lactate, in the case of
glucose infusion, and Glx labeling following both glucose and acet-
ate infusion at 1.95 g/kg and 2 g/kg respectively [7]. In liver they
observed labeling of glycogen following [6,6'->H,]glucose infusion
and in the brains of rats implanted with a glioma model they
observed increased lactate labeling and decreased Glx labeling in
the tumor compared to surrounding normal brain tissue, reflecting
the increased glycolytic and decreased oxidative metabolism of the
tumor. These brain images were acquired over 35 min with a nom-
inal spatial resolution of 2 x 2 x 2 mm?>. This was a landmark paper
since these authors also showed increased lactate labeling and
decreased GIx labeling, compared to normal brain tissue, in the

A B
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tumors of glioma patients in images acquired at 4 T between 65
and 90 min following oral administration of [6,6'->H,]glucose
(0.6 g/kg body weight) (Fig. 1C). The nominal image resolution in
this case was 20 x 20 x 20 mm. By trading resolution for a
decreased acquisition time, in part by employing a weighted k-
space acquisition, Kreis et al. [16] acquired 3D images at 9.4 T
and used these to measure the rates of glucose consumption and
labeled lactate production in a subcutaneous murine lymphoma
model. A series of 5 images was acquired over a period of 50 min
with a nominal spatial resolution of 3 x 3 x 9 mm?>. Fitting of these
data to a model of the glycolytic pathway enabled calculation of
tumor glycolytic flux maps in mM/min, which showed a dramatic
decrease in tumor glycolytic flux by 24 h after treatment of the ani-
mals with a chemotherapeutic drug (Fig. 2).

A tensor de-noising technique was used to improve quantifica-
tion of the signals in this highly correlated multi-dimensional data
set. A similar low-rank de-noising was employed by von Morze
et al. in a study of [6,6'-H,]glucose metabolism in the rat brain
at 4.7 T [27] (Fig. 3).

Simoes et al [28] used localized 2H spectroscopy measurements
of [6,6'-2H,]glucose metabolism at 9.4 T and a PCA-based approach
to de-noising to show that glucose oxidation (Glx labeling) in ortho-
topically implanted glioblastoma allografts in immunocompetent
mice was correlated with cell proliferation, regardless of the meta-
bolic characteristics of the glioblastoma model. Increased glycolytic
flux, relative to normal brain, was observed in the tumors of mice
implanted orthotopically with human astrocytes using 2H MRS
measurements at 14.1 T of labeled lactate production from
[6,6'-2H,]glucose [29]. The increased flux was attributed to elevated
expression of the glycolytic enzyme phosphofructokinase-1. Treat-
ment of the animals with a poly(ADP-ribose) polymerase (PARP)
inhibitor resulted in a decrease in labeled lactate production before
there was any change in tumor size. Standard-of-care treatment for
glioblastoma involves surgical resection followed by targeted radi-
ation of the resection cavity. However, it is difficult using current
MRI techniques to distinguish recurrent tumor from radiation-
induced necrosis. Using a mouse model in which glioblastoma cells
were implanted in irradiated brain tissue Ge et al. showed, using
single voxel ?H spectroscopy in mice infused with ~ 2 g/kg
[6,6'-?H-]glucose, that tumor tissue shows a higher lactate/GIx sig-
nal ratio compared to radiation necrosis, which displays a ratio that
is more similar to normal brain [30]. In mice implanted orthotopi-

post treatment

mM/min

Fig. 2. Imaging tumor glycolytic flux. A series of ?H 3D chemical shift images was obtained from a tumor-bearing mouse following intravenous administration of [6,6'-2H,]
glucose before and after treatment. The glucose and lactate signal intensities were fit to a model of the glycolytic pathway and used to produce maps of glycolytic flux in mM/
min. Maps of tumor glycolytic flux before (A) and after (B) treatment overlaid on gray scale 'H images of tissue anatomy. (Figure reproduced with permission from [16]).
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Fig. 3. Effect of de-noising on ZH spectra. Spectra processed with (A) and without (B) de-noising. (Figure reproduced with permission from [27]).

cally with pancreatic tumor models and injected with [6,6'-*H,]glu-
cose, labeled lactate was observed in tumors that were greater than
5 mm in diameter. Labeled water was observed throughout the
abdomen of the animals but in higher concentrations in the tumor
and in the kidney and bladder [31].

2H imaging of glucose metabolism has also been used in other
disease settings and to study metabolism in other tissues. In a
rat stroke model, which employed unilateral occlusion of the mid-
dle cerebral artery, increased lactate labeling and decreased Glx
labeling was observed in and around the ischemic lesion [32].
Images were acquired at 9.4 T with a resolution of
3 x 3 x 3 mm°. The increase in lactate labeling and decrease in
Glx reflects the expected increase in anaerobic glycolysis and
decrease in oxidative metabolism respectively. Using a closed-
chest rat model, in which a surface coil was placed directly over
the heart, Glx labeling was observed to be faster in animals infused
with [2,2,2-Hs]acetate than with [6,6'-H,]glucose, consistent
with previous studies showing that the heart prefers acetate over
glucose as a substrate [12]. In these healthy hearts, labeled lactate
production from [6,6'->H,]glucose was very low or undetectable
although it could be expected to be increased following an infarct.
Preeclampsia in pregnancy is a condition characterized by high-
blood pressure that can lead to organ damage in developing fetuses
and an increase in anaerobic metabolism. Using a vasoconstrictor
that produces symptoms in a mouse model that mimic preeclamp-
sia, glucose uptake and labeled lactate production were shown to
be higher in the placenta and fetuses of preeclamptic animals
injected with [6,6'-2H,]glucose [33]. Slice-selective chemical shift
images were acquired at 15.1 T using a surface coil in ~ 8 min with
a slice thickness of 4-8 mm and a nominal in plane resolution
of ~ 5 x 5 mm?. Activation of brown adipose tissue (BAT) results
in increased energy expenditure and heat generation due to mito-
chondrial uncoupling mediated by uncoupling protein 1 (UCP1)
and as a consequence has become a target for treatments that com-
bat obesity. DMI was used to assess glucose metabolism in the BAT
tissue of cold-adapted rats by placing a surface coil over the neck
and shoulder regions that contain BAT and acquiring slice-
selective chemical shift images at 9.4 T from a 10 mm thick slice
with a nominal in plane resolution of 5 x 5 mm? [34]. The glucose
signal was 2.4 and 1.4-fold higher at 20 and 40 min after glucose
infusion and the labeled water signal higher at 60 min in the BAT
of the cold-acclimatized rats when compared to controls.

2.2. Imaging with hyperpolarized >C-labeled glucose

Glucose metabolism can also be imaged using hyperpolarized
13C-labeled glucose by extending the relatively short '>C polariza-
tion lifetime through deuteration. Per-deuteration of uniformly
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13C-labeled glucose ([U-2H;, U-'3C] p-glucose) extended the T, for
the combined '3C resonances at 9.4 T to ~ 9 s, which was suffi-
ciently long to image flux through all 11 steps in the glycolytic
pathway, from glucose to lactate, in a subcutaneous murine lym-
phoma model in vivo [35]. Labeled 6-phosphogluconate, an inter-
mediate in the PPP, was also observed and therefore the
experiment also gave an indication of PPP activity and thus the
capacity of the tumor to resist oxidative stress [36,37]. Coil-
localized '3C spectra from mice implanted orthotopically with
human glioblastoma cells and injected with [U-2H5, U-'3Cg]glucose
showed that a glioblastoma subtype that formed compact hypoxic
tumors showed higher levels of lactate labeling when compared to
the contralateral hemisphere and the brains of control animals
whereas tumor models that were representative of the invasive
edge of the tumor showed lower levels of lactate labeling, reflect-
ing a less glycolytic phenotype [38]. Cell proliferation is accompa-
nied by the shortening of telomeres, which are structures at the
end of chromosomes that protect them from damage. Most cancers
maintain telomere length, which enables sustained proliferation,
by reactivating telomerase reverse transcriptase (TERT) expression.
In orthotopically implanted tumor models of low-grade oligoden-
drogliomas TERT expression was shown to be associated with
increased PPP activity, which could be detected through '*C MRS
and MRSI measurements of increased 6PG concentrations follow-
ing injection of hyperpolarized [U-*H,, U-'3Cg]glucose. Evidence
was presented that TERT increased PPP flux by upregulating
expression of the glucose transporter, GLUT1, and the PPP enzyme,
glucose 6-phosphate dehydrogenase [39].

While experiments with hyperpolarized '3C-labeled glucose
have shown promise in these preclinical experiments, these mea-
surements would be difficult to translate to the clinic because of
the relatively short T; (~14 s at 3 T) of the labeled glucose.
Increased levels of polarization and the use of glucose isotopomers
that eliminate '3C-'3C spin coupling would improve sensitivity.
The sensitivity of glycolytic flux measurements in a brain tumor
model were increased by using [2,3,4,6,6'-Hs, 3,4-13C;]glucose,
which removes 3C-13C coupling in the 3 carbon intermediates in
the pathway and in the resulting lactate [40]. A recent study
achieved 70 % polarization of [U-2H,, U-'3C]glucose [41] as com-
pared to ~ 15 % in the first study that used this molecule [35],
although it is still not clear that this would be sufficient for clinical
studies. A further limitation of the hyperpolarized >C experiment,
in its current form, is that because of the short polarization lifetime
an expensive and relatively complex hyperpolarization device
must be placed immediately adjacent to the MRI scanner. This
requirement could be relaxed if the hyperpolarized '*C-labeled
material could be produced centrally and shipped to the scanner.
The development of UV-induced radicals, which can substitute



J. Chen Ming Low, AJ. Wright, F. Hesse et al.

for the stable radicals that are normally used in the DNP process,
allows for this possibility since they can be thermally annihilated,
without substantial loss of nuclear spin polarization, and allow the
hyperpolarized '3C-labeled compound to be stored at low temper-
ature and in a strong magnetic field [42]. The radiology department
would then only need a device for rapidly heating the stored polar-
ized material to room temperature for injection. As well as not
requiring complex equipment for its production, 2H-labeled glu-
cose can be used to follow the metabolism of glucose over much
longer periods of time, which means that it measures something
different to the hyperpolarized '>C experiment. In a study in mouse
brain, 'H spectra showed a significantly higher lactate concentra-
tion in animals anesthetized with isoflurane compared to those
anesthetized with a combination of medetomidine and isoflurane.
Infusion of [6,6'-2H,]glucose resulted in lactate labeling in animals
anesthetized with isoflurane but not in animals anesthetized with
a combination of medetomidine and isoflurane whereas in animals
infused with hyperpolarized [?H;, U-'3Cg]glucose lactate labeling
was detected under both anesthetic conditions. The labeled lac-
tate/glucose signal ratio was also higher in this latter group, indi-
cating that there was increased conversion of hyperpolarized >C-
labeled glucose into lactate. Modelling showed that fractional 'C
labeling of the lactate pool was low at between 6 and 25 % and
therefore what dominated lactate labeling in this case was influx
of hyperpolarized '3C label into the lactate pool rather than its
efflux and that lactate pool size will have little effect on the
observed labeling. Contrast this with the experiment with
[6,6'>H>] p-glucose where lactate labeling was measured over a
much longer period of time (~1 h) where the labeling rate is inver-
sely proportional to lactate pool size and when a steady state is
reached the concentration of 2H-labeled lactate will be propor-
tional to that observed in the 'H MR experiment [43].

2.3. Imaging with thermally polarized '3C-labeled glucose

The de-noising techniques that have been used with 2H-labeled
glucose have also been used with thermally polarized '*C-labeled
glucose. Kishimoto et al achieved an approximately 30-fold
improvement in signal-to-noise ratio by using low rank tensor
decomposition and showed that imaging with non-
hyperpolarized [U-!3C]glucose could distinguish between different
subtypes of pancreatic cancer when implanted as subcutaneous
xenografts [44]. Images acquired at 9.4 T with a spatial resolution
of 0.3 cm x 0.3 cm x 1.5 cm showed similar glucose uptake rates in
the two subtypes but differences in glucose utilization. Imaging the
metabolism of hyperpolarized [1-'>C]pyruvate could not distin-
guish between the two subtypes and the absence of any differences
in glucose uptake suggest that '®8FDG-PET would also be unable to
distinguish between them.

2.4. Imaging with unlabeled glucose

Delivery of glucose to a tissue and its uptake can also be
detected using chemical exchange saturation transfer (CEST),
where the glucose is detected by saturating the resonances of the
glucose hydroxyl protons and monitoring the decrease in intensity
of the signal from the water protons, with which they are in
exchange [45]. The technique has the advantage that it does not
require labeling of the glucose molecule but there appears to be
no evidence that it can detect any downstream glucose
metabolism.

2.5. Imaging with PET and ['8F] fluoro-2-deoxyglucose

PET detection of the uptake and trapping of the radioactive glu-
cose analogue, ['®F] fluoro-2-deoxyglucose ('8FDG), has been used
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widely in the clinic to stage tumors and monitor treatment
response in several malignancies [1]. Despite its widespread use
the technique has several limitations. The radiation involved pre-
cludes its use in children and women of childbearing age and in
pathologies that require multiple investigations for long-term fol-
low up. Detection of tumors in the brain and prostate is compro-
mised in the former by high uptake in normal brain tissue and in
the latter by renal clearance of '®FDG and its accumulation in the
adjacent bladder. Moreover, the technique only assesses flux in
the first three steps of tissue glucose metabolism, these being
delivery via the circulation, uptake on the glucose transporters
and subsequent phosphorylation and trapping in the reaction cat-
alyzed by the first enzyme in the glycolytic pathway, hexokinase
[46] (Fig. 1 A). This may make it insensitive to some perturbations
that affect glycolytic flux. For example, in a study on colorectal
xenografts treated with a TRAIL agonist, which induces rapid
tumor cell death, there was no change in '®FDG uptake but a dra-
matic decrease in the conversion of thermally polarized *C-
labeled glucose to lactate [47].

3. Imaging metabolism with other 2H-labeled substrates
3.1. 3-O-methylglucose

3-0-methylglucose (OMG) is a glucose analog that has been
used, in !''C-labeled form, to study glucose transport in skeletal
muscle using PET [48], and in unlabeled form to study tumor per-
fusion and glucose uptake in breast cancer models using CEST [49].
The methyl group has also been deuterated and wash in and wash
out of the labeled molecule in a subcutaneous breast cancer metas-
tasis model in the rat has been studied using ?H MRS and 2D ?H CSI
measurements [50]. Spectra and images were acquired at 7 T using
a surface coil placed over the tumor following intravenous injec-
tion of 0.89 g/kg OMG. Images were acquired with a nominal spa-
tial resolution of 7.1 x 7.1 x 7.9 mm?> and spectra with a temporal
resolution of 5 s.

3.2. Acetate

Infusion of [*Hs]acetate into rats with an orthotopically
implanted glioma model showed increased acetate uptake and
reduced GIx labeling in the tumor when compared to surrounding
normal brain tissue (Fig. 4). Infusion of [6,6'-H,]glucose showed
reduced GIx labeling in the tumor and increased lactate labeling
[7]. Both experiments indicated reduced TCA cycle activity in the
tumor with the increased lactate labeling showing increased gly-
colytic activity.

In a study in rat heart, infusion of [?Hs]acetate resulted in a
higher rate of increase in the labeled water peak and a peak
assigned to GIx when compared to animals infused with
[6,6'-?H-] p-glucose, consistent with the heart’s preference, under
normal conditions, to consume fatty acids or acetate instead of glu-
cose [12]. 3D CSI images were acquired at 16.4 T using a surface
coil placed under the chest muscle. The nominal voxel volume
was 0.44 mL and therefore the myocardial tissue volume was cov-
ered by 2-3 CSI voxels.

3.2.1. Imaging with '3C- and ''C-labeled acetate

Acetate metabolism in normal rat brain has been studied using
thermally polarized [2-'3Clacetate, where the labeled acetate and
fractional labeling of glutamate and glutamine at the C3 and C4
positions were detected indirectly via the spin-coupled proton res-
onances in localized 'H spectra (resolution: 8 x 3 x 6 mm?)
acquired from the cerebral cortex at 14.1 T [51]. Acetate is metab-
olized within the brain almost exclusively in glial cells and these
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Fig. 4. Metabolism of deuterated acetate. (A) Acetate is taken up into the cell by the monocarboxylate transporters and is converted to acetyl CoA by acetyl-CoA synthetase
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synthesis. (B) Representative spectrum obtained from the brain of a rat with an orthotopically implanted patient-derived glioblastoma xenograft following intravenous
administration of 2 g/kg [*Hs]acetate (unpublished data). Glutamate and glutamine (GIx) are labeled via a-ketoglutarate in the TCA cycle. The labeling patterns in o-

ketoglutarate, glutamate and glutamine are described in [8].

measurements gave an estimate of glial cell TCA cycle rate. Acetate
metabolism has also been studied in normal brain and in brain
tumors using PET measurements of ''C-acetate uptake. Acetate
uptake in glioblastoma is greater than surrounding normal brain
tissue and the contrast observed is greater than that observed with
8EDG. Furthermore, acetate uptake increases with tumor grade,
whereas '8FDG uptake is unable to distinguish between tumors
of different grade (reviewed in [52]). The ''C label in acetate is
incorporated into TCA cycle intermediates and at later times into
lipids (Fig. 4). Studies with [1-11C], [1-13C], and [1-'“C]acetate in
prostate and lung cancer models showed that, in order to detect
incorporation of [1-!!Clacetate into lipid, PET scans should be
acquired later than 30 min after injection, which will result in a
significant loss of SNR due to the short half-life of the isotope
(20.4 min) [53]. There appear to be no DMI studies as yet that have
demonstrated incorporation of [?Hs]acetate into lipid; however a
very early study demonstrated incorporation of 2H into lipids in
mice given 2H,0 in their drinking water [54].

TCA cycle activity has been estimated in the rat heart using
hyperpolarized [1-'3C]acetate. Localized '3C spectra were acquired
with a 3 s time resolution using a surface coil placed over the chest.
Label incorporation into [1-'3CJacetylcarnitine and into the TCA
cycle intermediate [5-!3C]citrate was observed and used to esti-
mate TCA cycle flux [55]. The [1-'3CJacetyl carnitine resonance
was much more intense than the [5-!3C|citrate resonance and in
animals infused with [1-'3C]butyrate more intense than the
[5-13C]glutamate resonance [56]. The [5-'C]glutamate resonance
is obscured in animals infused with hyperpolarized [1-!3C]acetate
by the acetate resonance. Since 'H chemical shifts for the C4 reso-
nances of glutamate lie between 2.1 and 2.2 ppm and that for the
acetyl group in acetyl carnitine is at 2.13 ppm [57], and given the
similarity between 'H and 2H chemical shifts, it seems likely that
the peak assigned to Glx in the animals infused with [?Hs]acetate
could contain a significant contribution from ?H-labeled acetyl car-
nitine. In humans cardiac PET measurements of [1-!'Clacetate
uptake has been used to provide a quantitative assessment of
myocardial perfusion and oxidative metabolism with a spatial res-
olution of ~ 1 cm [58].
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3.3. Choline

'H and 3'P MR studies have shown elevated levels of choline
metabolites in tumors, reflecting the need for increased membrane
biosynthesis in rapidly proliferating tumor cells [59] (Fig. 5A). In
breast cancer cells the increased phosphocholine concentration
was shown to be due to increased expression of choline kinase
and in lung cancer patients increased expression of choline kinase
has been correlated with relapse-free and overall survival. In an
early study, choline metabolism was investigated in human breast
cancer xenografts by infusing tumor-bearing mice with [*Ho]-
choline at 16 pmol/kg/min for 2 h and acquiring ?H spectra at
4.7 T from a 1 cm? tumor voxel [60]. Between 40 and 60 min after
the start of infusion there was a gradual increase in a peak at
3.2 ppm, which was assigned to choline, phosphocholine and
betaine. In a more recent study, mice with subcutaneous human
renal carcinoma xenografts were infused with [?Hg]choline
(0.05 g/kg), either alone or with [6,6'->H,]glucose (1.3 g/kg), and
2H 3D chemical shift images were acquired at 11.7 T at high reso-
lution (nominally 2 x 2 x 2 mm?) in 37 min or at low resolution
(nominally 3.7 x 3.7 x 3.7 mm®) in 2.24 min. Broadening of the
tumor choline resonance over time was attributed to the produc-
tion of choline metabolites [61] (Fig. 5B). In both studies, atropine
was injected to prevent a cholinergic reaction to the choline bolus.
High resolution ?H spectra of tumour extracts from rats with
orthotopically implanted glioblastomas and infused with
[1,1,2,2->Hy]choline showed resolvable resonances from choline,
phosphocholine and glycerophosphorylcholine [62].

3.3.1. Imaging with 13C-, ''C- and > N-labeled choline

Both hyperpolarized 3C- and '°N-labeled choline have been
investigated in vivo. Hyperpolarized ['°N]choline has a Ty in vitro
of ~ 4 min; however the chemical shift separation of the choline
and phosphocholine peaks is only ~ 0.2 ppm, which would make
["*N]phosphocholine difficult to detect in vivo [63]. Surface coil-
localized '°N spectra were obtained from the heads of rats infused
with 2.5 mL of ~ 90 mM hyperpolarized ['>N]choline, where the
solid-state polarization was ~ 3 % [64]. Measurements of relax-
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Fig. 5. Choline metabolism. (A) Choline is taken up into cells by choline transporter-like protein 1 (CTL1) and phosphorylated to produce phosphocholine (PCho) by choline
kinase o. PCho is converted to CDP-choline by phosphocholine cytidylyltransferase, which is then used in phospholipid synthesis. Glycerophosphorylcholine is produced
through phospholipid breakdown. (B) ?H spectra acquired using a surface coil from a subcutaneous tumour in a mouse infused with 0.05 g/kg [*Ho]choline.

(Figure reproduced with permission from [61]).

ation times in vivo showed biexponential behavior, with a fast
decay during the first few seconds and then a slower relaxation
thereafter, which was interpreted as coming from choline first in
the blood pool and then subsequently in the brain. Projection
images (nominal resolution 3.1 x 3.1 mm) were acquired using a
volume coil from rats infused with 2.5 mL of 12.6, 25, or 50 mg/
kg hyperpolarized [1,1,2,2-2H,, 1-'3C]choline chloride [65]. Deuter-
ation extends the 3C polarization lifetime and in this study at 3 T
the T; in solution was 30 s. There was no attempt to image the
metabolism of the labeled choline, only its distribution over time.
PET measurements of [1!C]choline uptake have been used to image
various cancers, including tumors in the brain [66] and prostate
[67]. In breast cancer patients ['!C]choline uptake was ~ 10x lower
in normal breast and lung tissues when compared to the tumors,
where uptake was higher in the more aggressive tumors [68].

3.4. Pyruvate

The expression of TERT, which maintains telomere length, is
increased in cancer cells and is a marker of cell proliferation. In
patient-derived models of glioblastoma increased TERT expression
was shown to drive increased expression of nicotinamide phospho-
ribosyl transferase, which is involved in NAD + biosynthesis, and
the glycolytic enzyme glyceraldehyde-3-phosphate dehydroge-
nase, which catalyzes the reduction of NAD + to NADH. ?H 2D
CSI images acquired at 14.1 T from mice with orthotopically
implanted patient-derived glioblastoma xenografts and injected
with 0.45 g/kg [U-*H]-pyruvate showed increased production of
labeled lactate in the tumor, when compared to adjacent brain tis-
sue. The nominal in plane resolution was 3.75 mm?2. Treatment of
the animals with a TERT inhibitor resulted in a substantial decrease
in lactate labeling before there was any decrease in tumor volume
[69].

3.4.1. Imaging with hyperpolarized '>C-labeled pyruvate

Flux in the reaction catalyzed by LDH (see Fig. 1) has also been
studied using hyperpolarized [1-'3C]pyruvate. From early preclin-
ical studies on imaging tumor grade and treatment response and
cardiac metabolism (reviewed in [70-72]) the technique pro-
gressed to the first clinical study in prostate cancer [73] and subse-
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quently to clinical studies in brain [74,75] and heart [76,77] and in
tumors of the breast [78,79], brain [80-83,84] and kidney [85],
with further studies in prostate cancer [86,87] (reviewed in
[88,89]). Exchange of isotope label (*H or hyperpolarized >C)
between the injected labeled pyruvate and the endogenous lactate
pool depends on delivery of pyruvate to the tissue, uptake of pyru-
vate on the monocarboxylate transporters and subsequent
exchange of label between pyruvate and lactate catalyzed by lac-
tate dehydrogenase (LDH) (Fig. 1). The exchange catalyzed by
LDH is very sensitive to the NADH concentration, increasing with
increases in the concentration of the reduced coenzyme [90].
Increased lactate labeling in tumors and decreases post-
treatment has been a general observation in tumor-bearing ani-
mals and patients injected with hyperpolarized [1-!3C]pyruvate
[72,91], although increases in lactate labeling have also been
observed following treatment [79]. In principle [U-2H]-pyruvate
could be used in the same way that hyperpolarized [1-'3C]pyru-
vate has; however the administered dose of '*C-labeled pyruvate
is considerably lower than for the ?H-labeled molecule. For the
patient studies a typical hyperpolarized [1-!3C]pyruvate dose is
0.4 mL/kg body weight of an approximately 250 mM solution,
which equates to ~ 9 mg/kg as compared to 0.45 g/kg used in
the preclinical [U-2H]-pyruvate studies [69].

von Morze et al [27] compared spectroscopic imaging with
hyperpolarized [1-!3C]pyruvate and with [6,6'-H,]glucose in the
rat brain at 4.7 T. Dual tuned '3C/'H and 2H/'H surface coils were
constructed that had similar dimensions and had similar sensitiv-
ity for 2H and '3C detection, a consequence of the opposite effects
of the smaller gyromagnetic ratio of 2H but the greater magnetic
moment of this quadrupolar nucleus. The animals were infused
with 1 g/kg [6,6'-?H;]glucose and separately with 40 mg/kg
[1-13C]pyruvate and 2D CSI images acquired with a 4 x 4 mm?
nominal resolution for '*C and 8 x 8 mm? for ?H. The 'C images
showed signal from lactate, demonstrating that there is a lactate
pool in the brain that can exchange 'C label with the injected
pyruvate and that is indicative of glycolytic activity. However,
there was no signal from '3C-labeled bicarbonate, which is pro-
duced in the irreversible reaction catalyzed by mitochondrial pyru-
vate dehydrogenase and is a measure of TCA cycle activity and
oxidative metabolism (Fig. 1), although labeled bicarbonate has
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been observed previously in the brain following hyperpolarized
[1-13C]pyruvate administration in preclinical [92] and clinical
studies [74,93]. The 2H images showed signal from labeled glucose,
lactate, and Glx. The SNR for the pyruvate '3C signal was ~ 10x that
of the glucose ?H signal and the SNR of the lactate '3C signal
was ~ 5x that of the lactate ?H signal. The failure to detect >C-
labeled bicarbonate, which involves just one step in the TCA cycle,
but detection of H-labeled Glx, which involves several, presum-
ably reflects the more limited time over which labeled CO, and
bicarbonate can accumulate before there is complete loss of the
polarization, which is relatively fast in CO, and bicarbonate. There
was, nevertheless, an inverse linear correlation between 2H label-
ing of Glx and '3C labeling of lactate which would be expected if
pyruvate is diverted away from reduction to lactate towards oxida-
tion in the TCA cycle.

3.5. Fumarate

Fumarate, an intermediate in the tricarboxylic acid cycle, is
hydrated in the reaction catalyzed by the intracellular enzyme
fumarase to produce malate. In most viable cells exogenous fuma-
rate is taken up relatively slowly; however in necrosis fumarate
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rapidly gains access to intracellular fumarase via a leaky plasma
membrane, either inside the cell or outside the cell, resulting in a
substantial increase in malate production (Fig. 6).

Fumarase has no coenzyme requirement and only requires
water as a co-substrate, and therefore in principle is active outside
the cell as well as inside. Moreover, it has a high specific activity
and a low Ky for fumarate making it a very sensitive sensor of
necrotic cell death. This was first exploited as a method for detect-
ing cell death using hyperpolarized [2,4-!3C]fumarate. Treatment
of murine lymphoma-bearing mice with a chemotherapeutic drug
resulted in a substantial increase, compared to baseline, of labeled
malate in the tumor following intravenous injection of hyperpolar-
ized [1,4-'3C,]fumarate [95]. The technique has also been used to
detect cell death in other tumor models [96,97] and in models of
myocardial infarction [98] and acute kidney necrosis [99]. As cell
death is detected by an increase in the malate/fumarate signal ratio
it corrects for any changes in tissue perfusion, and as the technique
produces positive contrast and can integrate signal over a large
volume it is capable of detecting relatively low levels of diffuse tis-
sue necrosis that cannot be detected using diffusion-weighted 'H
MRI [97]. The same experiment can be performed using
[2,3-2H,]fumarate as the 2H resonances of fumarate and malate
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Fig. 6. Deuterated fumarate metabolism in viable and necrotic cells. A) In viable cells fumarate enters the cells slowly and there is little production of labeled malate. (B)
Representative ?H spectrum acquired from the brain of an untreated mouse with an orthotopically implanted patient-derived glioblastoma xenograft following
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are well resolved from each other and from the water resonance
[26] (Fig. 6B&D). Initial experiments with [2,3-?H,|fumarate were
used to measure treatment-induced cell death in two human xeno-
graft models and in the murine lymphoma model (EL4) used for
the original experiments with hyperpolarized [1,4-'3C,]fumarate
[95]. Although the malate SNR in 2H MR spectra of EL4 tumors
(2.9 + 0.2) was much lower than the SNR of '*C-labeled malate fol-
lowing the administration of hyperpolarized [1,4-'>C,]fumarate
(~17) the 2H MRS measurements appear to provide a more sensi-
tive method for detecting cell death as they show much greater
image contrast. Following hyperpolarized [1,4-'3C,]fumarate injec-
tion, the [1,4-'>C]malate/[1,4-!3C]fumarate ratio increased by a
factor of ~ 1.6 following treatment, as compared to an increase
by a factor of ~ 10 in the 2H-labeled malate/fumarate ratio after
[2,3-2H,]fumarate administration. This is a reflection of the much
longer acquisition period over which malate production was mea-
sured in the 2H experiments, 65 min as compared to 3 min in the
case of the hyperpolarized >C experiments. ?H-labeled fumarate
has also been used to assess cell death in two orthotopically
implanted patient-derived xenografts and in a human cell-line
model of glioblastoma at 48 h following the completion of targeted
chemo-radiotherapy [94]. 3D chemical shift images, with a nomi-
nal resolution of 3 x 3 x 9 mm?>, were acquired following intra-
venous infusion over 20 min of 1 g/kg body weight [2,3-2H,]
disodium fumarate, and metabolite maps were produced from
images summed over the first 30 min of signal acquisition. The
malate/fumarate signal ratio increased by nearly a factor of 10 in
the most radiosensitive tumor, whereas in animals injected with
the hyperpolarized [1,4-13C,]fumarate the ratio increased by only
1.6-fold and did not reach statistical significance. The increase in
the malate/fumarate signal ratio was also a more sensitive indica-
tor of treatment response than either diffusion-weighted or con-
trast agent-enhanced 'H MRI measurements, which are amongst
the techniques used currently to detect glioblastoma response to
chemo-radiotherapy in the clinic. The concentrations of fumarate
and malate detected in these tumors, which are comparable to
the concentrations of glucose, lactate and Glx measured in clinical
studies, coupled with the relatively large chemical shift separation
of the fumarate, malate and water resonances suggest that this
technique for detecting glioblastoma cell death could in principle
translate to the clinic. In the murine lymphoma model oral admin-
istration of fumarate gave as much tumor fumarate and malate sig-
nal as that obtained following intravenous fumarate
administration [100]. Since fumarate has been given to patients
at doses of up to 30 g [101], apparently without toxic effects, then
there appears to be no toxicity barrier in translating this technique
to the clinic.

4. Conclusions

Since the first clinical study in 2018 [7], DMI has rapidly estab-
lished itself as a powerful technique for metabolic imaging that has
considerable clinical potential, particularly in the field of oncology
where it could be used both to predict which treatment will be
most effective in a tumor subtype and then subsequently to detect
early evidence of treatment response. The technique can thus be
used to spare the patient the toxic effects of an ineffectual treat-
ment and allow rapid selection of a more effective therapy [1].
The most obvious rival to this technology is '3C MRSI with hyper-
polarized '3C-labeled cell substrates, which has also translated to
the clinic. DMI has the advantage that 2H-labeled substrates can
be taken off the shelf and administered without the complex and
expensive equipment required to hyperpolarize >C-labeled sub-
strates and does not require the logistical set-up for rapid injection
and fast imaging necessitated by the short half-life of 13C hyperpo-
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larization. 2H-labeled substrates are in general cheaper to produce
than '3C-labeled substrates (10 g of [6,6'-H]glucose cost $791 as
compared to 10 g of [1-'3C]glucose, which cost $1,259 from Cam-
bridge Isotopes in December 2022. Five g of [1-3C]pyruvic acid
cost $2,854) but this advantage is offset by the much larger
amounts of 2H-labeled substrates that are needed for clinical stud-
ies, which also carries with it potential toxicity issues (~50 g of
[6,6-2H,]glucose for a 70 kg patient as compared to 1.5 g of
[1-13C]pyruvic acid [78]). Toxicity has not been a problem for stud-
ies with 2H-labeled glucose but may be a problem for other 2H-
labeled substrates that could be developed for clinical translation
in the future, although this potential problem may be ameliorated
to some extent by the possibility of oral administration. The much
lower sensitivity of 2H detection when compared to hyperpolar-
ized 13C is offset by the capacity to acquire signal for longer periods
of time and 2H images with resolutions similar to those of hyper-
polarized 3C images have been obtained. The capability to acquire
images over longer periods of time can also increase image con-
trast, as was the case with [2,3-2H,]fumarate. Since imaging with
2H- and hyperpolarized '3C-labeled substrates can be used to
image similar aspects of metabolism a key question is which has
the greater potential for clinical application, or are they comple-
mentary? von Morz et al [27] sought to address this question in
rat brain by comparing directly '*C MRSI with hyperpolarized
[1-13C]pyruvate with DMI with [6,6'-2H;]glucose and concluded
that they have significant potential to image specific segments of
glucose metabolism.

The majority of preclinical DMI studies have been conducted at
high magnetic fields, both to improve sensitivity and spectral res-
olution. However, acquiring preclinical data at clinical magnetic
field strengths is not a prerequisite to demonstrate clinical trans-
latability since coil configurations, relaxation times and voxel vol-
umes may be very different between the two scenarios. Instead, it
should be sufficient to show merely that the concentrations of
deuterated metabolites detected in preclinical investigations are
within the range of concentrations (1 - 5 mM) already detected
in clinical studies.

Glucose has rapidly become an established substrate for DMI
studies and one can anticipate that there will be exploration of fur-
ther 2H-labeled substrates in the coming years, much as occurred
over the last 20 years for hyperpolarized '>C-labeled substrates.
In selecting labeled substrates that would be suitable for imaging
metabolism with DMI it is important to choose substrates that will
give rise to metabolites with resonances that are sufficiently well
resolved from those of the substrate at clinical magnetic field
strengths (typically 3 T) [93]. This will be aided by the chemical
equivalence of 'H and 2H, which means that there is a wealth of
proton NMR data that can be used to estimate H chemical shifts.
Metabolic imaging with hyperpolarized '3>C-labeled substrates
has been limited to relatively fast metabolic reactions because of
the short lifetime of the hyperpolarization and it might be assumed
that this requirement could be relaxed with 2H-labeled substrates.
This appears to be the case with [?Hg]choline where choline
metabolites accumulate over a prolonged period of time. However,
relatively fast metabolism may still be a requirement for substrates
such as 2H-labeled glucose and fumarate in order that their
metabolites can accumulate to the millimolar concentrations
required for detection.

For imaging with hyperpolarized !3C-labeled substrates there
was a period of 10 years between the first demonstration of the
technique [5] and its first application in the clinic [73]. During this
period there was very active preclinical exploration of the technol-
ogy in the expectation, but not the certainty, that the technique
would translate to the clinic. DMI starts from a point where clinical
feasibility has already been demonstrated, which should stimulate
its further preclinical and clinical exploration in the coming years.
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