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The positron emission tomography (PET) tracer 2-deoxy-
2-["®F]fluoroglucose (['*F]EDG) is widely used to study diseases where
glucose metabolism is dysregulated, including cancer and neurodegener-
ative disorders. Here we investigate the hypothesis that the 2-position
deuterium-enriched analogue 2-deoxy-2-[*H,]-p-glucose (2-DG-d2) can
also map glucose uptake using deuterium metabolic imaging (DMI)
without ionizing radiation. To accomplish this, we used a spectrally
selective multiband radiofrequency pulse and balanced steady-state free
procession (bSSFP) technique, enabling rapid *H imaging with high
specificity and sensitivity to 2-DG-d2. Both in vitro and in vivo validations
demonstrated the sequence’s ability to suppress endogenous water signal.
Mapping of 2-DG-d2 with high spatial resolution was achieved in healthy
mouse brains, comparable to what might be obtained using ['*F]JFDG
PET. The numerous applications of ['*F]JFDG PET, as well as recent
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clinical translation of the natural abundance 2-deoxy-p-glucose (2-DG) parent sugar, suggest that DMI using 2-DG-d2 may be

applied to patients in the future.

deuterium metabolic imaging, 2-deoxy-2-[*H,]-p-glucose, glucose, metabolism, FDG

ositron emission tomography (PET) using 2-deoxy-2-

['*F]fluoroglucose (['*F]JFDG) has proven to be a
powerful tool in different oncological and non-oncological
scenarios, e.g., precise localization of tumors,’ differential
diagnosis of neurodegenerative dementias,” and detection of
vascular inflammation.” ['*F]FDG shares a similar metabolic
fate as glucose except for its 2-position fluorination leading to
metabolic arrest (Figure 1A). ["F]JFDG is transported
intracellularly via glucose transporters and is phosphorylated
by hexokinase (EC 2.7.1.1). The phosphorylated adduct lacks
the 2-position hydroxyl group, making it unable to undergo
further conversion to the corresponding fructose derivative
that is essential in the glycolysis pathway. With being arrested
at the early stage of glycolysis, ['*F]FDG retention can be
mapped using PET, revealing changes in glucose uptake.

In this Letter, we exploit an analogous mechanism using 2-
deoxy-2-[*H,]-p-glucose (2-DG-d2) that also lacks the 2-
position hydroxyl group, proposed as a new probe for
deuterium metabolic imaging (DMI). Like ["*F]FDG, 2-DG-
d2 is trapped intracellularly after being phosphorylated by
hexokinase to give 2-DG-d2-6-phosphate. Furthermore, 2-DG-
d2/2-DG-d2-6-phosphate can be imaged via the unique
frequencies of the 2-position deuterons in NMR (Figure 1B).

Deuterium (*H) NMR, first developed in the 1960s," has
recently gained newfound interest in the form of DML A
variety of deuterated substrates are under active investigation
to target disease-dependent metabolic changes, for example
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[6,6'-H,]glucose in stroke and tumors, [2,3-*H,]fumarate in
lymphoma, [*H,]glucose in detection of Warburg metabolism,
and [6,6’-?H, Jfructose in liver cancer.””®

To date, most DMI methods focus on the conversion of a
deuterium-enriched substrate (i.e, [6,6'-*H,]glucose) to an
abundant downstream metabolite (i.e., lactate). An alternate
strategy would be the detection of a retained deuterium probe
with unique NMR chemical shift, which is possible for 2-DG-
d2 because the 2-position deuterons resonate significantly
upfield from water. In this study, we combined 2-DG-d2 with
an optimized “H imaging approach, namely, a spectrally
selective multiband radiofrequency (RF) pulse and a balanced
steady-state free precession (bSSFP) sequence, the latter of
which has recently demonstrated excellent sensitivity-enhanc-
ing capability in DML”'" The metabolic trapping of 2-DG-d2
at the early stage of glycolysis leads to limited *H-enriched
metabolites, ie., water (HDO), 2-DG-d2, and 2-DG-d2-6-
phosphate, with an infinitesimal chemical shift difference
separating the latter two (Figure S1). The resultant sparse
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Figure 1. Metabolism and imaging of ['®F]FDG and 2-DG-d2. (A) Both the PET tracer ['®F]FDG and our new DMI probe 2-DG-d2 are
modified at the 2-position and have a presumed mechanism of intracellular retention. The retained ['*F] radionuclide can be detected via PET,
while unique *H signals can be detected via DML The ['®F]JFDG PET image of the normal murine brain is reproduced with permission from ref
11. Copyright 2019 Society of Nuclear Medicine and Molecular Imaging. (B) The DMI probe 2-DG-d2 was designed based on the expected

chemical shift of 2-position deuterons (2.9 ppm upfield from HDO).

spectral profile offers the potential to develop rapid *H imaging
sequences with high spatial resolution and sensitivity. To
optimize rapid 2-DG-d2 imaging, the spectral profile and
relaxation times of 2-DG-d2 were first determined. Next, a
multiband selective RF pulse was generated to achieve selective
2-DG-d2 excitation and HDO suppression at 14.1 T, followed
by bSSFP sequence optimization via a Bloch simulation. Both
the specificity and sensitivity of rapid 2-DG-d2 imaging were
evaluated on phantoms and animals. An in vivo spectroscopy
study was also implemented after intraperitoneal (ip) injection
to confirm the retention of 2-DG-d2/2-DG-d2-6-phosphate
within the healthy mouse brain.

18.8 T Phantom Study. 2-DG-d2 was custom-synthesized
by Sigma-Aldrich ISOTEC. *H NMR spectroscopy on an 18.8
T Bruker system was implemented to analyze a 30 mM 2-DG-
d2 phantom for its chemical shift information.

14.1 T Phantom Study. All NMR experiments at 14.1 T
were run on an Agilent system using a 40 mm 'H Agilent
volume coil and a 16 mm *H surface coil from Doty Scientific.
A 1 M 2-DG-d2 phantom was analyzed for T,/T, measure-
ments of 2-DG-d2 and HDO at 14.1 T.

The multiband selective RF pulse for 2-DG-d2 imaging was
generated using the CVX pulse design toolbox as described
previously,'* using the following input constraints: for 2-DG-
d2, central frequency = 0 Hz, bandwidth (BW) = 140 Hg, flip
angle (FA) = 90°, ripple = 0.05; for HDO, central frequency =
275 Hz, BW = 130 Hz, FA = 0°, ripple = 0.01.

To evaluate the multiband RF pulse’s specificity for 2-DG-
d2, 55 M HDO and 100 mM 2-DG-d2 phantoms were tested
using an unoptimized 3D bSSFP sequence with either a hard
pulse or the generated multiband selective RF pulse. To further
improve the sensitivity to 2-DG-d2, the bSSFP sequence
underwent optimization via Bloch simulation'” and was tested
on two phantoms containing 10 mM and 100 mM 2-DG-d2,
respectively. Using the same experimental setup, a *H 2D CSI
sequence was also implemented to demonstrate the 2-DG-d2
selectivity of the multiband RF pulse compared to a
nonselective hard pulse.
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14.1 T In Vivo Study. All animal research was approved by
the Institutional Animal Care and Use Committee of the
University of California, San Francisco. For DMI experiments,
mice were anesthetized using isoflurane (1.3—1.8% in O,) and
placed in a dedicated cylindrical cradle. An MR setup identical
to the phantom studies was used on the 14.1 T scanner. For
animal experiments involving 2-DG-d2 administration, ip
injection was performed at a dose of 3 g/kg of body weight
(dissolved in S00 uL of saline) after a 12 h fast, followed by 30
min of preparation time before the DMI scan. The respiration
rate was continuously monitored through the PC-sam software
interface (SA Instrument, NY, USA).

Three different *H NMR experiments were performed on
the healthy mouse brain: 2D CSI for multiband RF pulse
selectivity validation, nonlocalized spectroscopy to assess the
intracerebral dynamics of 2-DG-d2, and 3D bSSFP for 2-DG-
d2 mapping. Before each *H NMR experiment, a 'H fast spin
echo sequence was used to acquire T,-weighted imaging of
mouse brain anatomy. The region of interest of “H CSI and 3D
bSSFP was aligned along the brain craniocaudal axis and
centered at the level of the hippocampus septal pole.

Data Processing. All *H NMR spectroscopy data (non-
localized spectroscopy and 2D CSI) were analyzed using
Mnova (Mestrelab Research). The 3D bSSFP data underwent
the following postprocessing using VnmrJ (Agilent): 2X zero-
filling in the x—y plane and 10 dB Gaussian kernel filtering.

DMI methods generally rely on detecting the production of
either deuterium enrichment of water or a metabolite (e.g,
lactate) with a chemical shift distinct from water (~4.7 ppm).
We therefore designed 2-DG-d2 anticipating that the loss of
the 2-position hydroxyl would result in a significant chemical
shift off HDO, simplifying the detection of 2-DG-d2 in vivo.
We first studied a 30 mM 2-DG-d2 phantom using ’H NMR
spectroscopy at 18.8 T, which showed two doublets centered
~2.9 ppm upfield of HDO (Figure 1B). The acquired spectral
profile demonstrated >2 ppm separation between the HDO
and 2-DG-d2 chemical shifts, which facilitated the generation
of a multiband selective RF pulse designed to maximize 2-DG-
d2 excitation while suppressing the HDO signal. Using
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Figure 2. Specificity and sensitivity validation of the proposed 2-DG-d2 imaging strategy using phantom imaging. (A) Phantoms were
developed with a large difference in [*H] content (55 M D,0, small diameter; 100 mM 2-DG-d2, large diameter). Top panel: 'H image of the two
phantoms. Bottom two panels: despite the large difference in [*H], using a 3D bSSFP sequence + multiband selective RF pulse reduced the signal
to noise ratio (SNR) between HDO and 2-DG-d2 from over 100:1 to less than 1:1 compared to a nonselective RF pulse. (B) 2D-CSI of 10 and
100 mM 2-DG-d2 phantoms. The signal from the HDO portion of the spectrum was suppressed to a below-noise-floor level after switching from
the nonselective pulse to the multiband selective RF pulse, while 2-DG-d2 signal was barely influenced. (C) The optimized 3D bSSFP sequence +
multiband selective RF pulse was implemented on the same phantom setup as in (B). The proposed imaging strategy is sensitive in capturing the
deuterium signal from the 10 mM 2-DG-d2 phantom in less than 12 min.
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Figure 3. Studying mice after 2-DG-d2 injection. (A) Workflow for dynamic ?’H NMR spectroscopy of a healthy mouse brain following 2-DG-d2
administration using a nonlocalized spectroscopy sequence (dynamic acquisition). (B, C) The spectral fitting and AUC quantification results of
dynamic *H NMR spectroscopy showed that the intracranial 2-DG-d2 signal was consistent between 30 and 90 min after 2-DG-d2 ip injection.

frequency separation as a design constraint for the convex
optimization (CVX) pulse design toolbox,"” the shortest pulse
had a duration of 5.8 ms and a peak amplitude of 047 G
(Figure S2A), providing greater HDO suppression than a
standard minimum-phase single-band RF pulse (Figure
S2B,C). According to the Bloch simulation, the spectral
response of the multiband selective RF pulse met our design
criteria in fully exciting 2-DG-d2 (miny,, > 0.95) while
suppressing HDO (max;yy,, < 0.01).

Based on the upfield “H chemical shift of 2-DG-d2, a
spectrally selective bSSFP imaging approach to DMI appeared
to be feasible for high-resolution frequency-specific brain
imaging. Relaxation studies performed at 14.1 T gave an
estimated T,/ T, of 320 ms/78 ms for HDO and 47 ms/47 ms
for 2-DG-d2 (Figure S2D), values that were used for bSSFP

573

parameter optimization. Using a 55 M HDO phantom and a
100 mM 2-DG-d2 phantom, a 3D bSSFP sequence (Tx/Tg =
17 ms/8.5 ms, FA = 90°) was tested along with the generated
multiband selective RF pulse (Figure 2A). The following signal
to noise ratio (SNR) quantification (see Methods) showed
that after switching the RF pulse from a nonselective pulse to a
2-DG-d2 selective pulse, the HDO SNR was reduced by more
than 2 orders of magnitude (1831.1 vs 5.8). In contrast, the 2-
DG-d2 SNR was similar (15.6 vs 10.0), demonstrating the
robust 2-DG-d2 specificity and sensitivity of the proposed
DMI strategy.

The specificity and sensitivity of the optimized 2-DG-d2
imaging strategy were subsequently validated via both
spectroscopy (2D-CSI) and 3D bSSEFP experiments using the
10 mM and 100 mM 2-DG-d2 phantoms at 14.1 T. The 2D-
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CSI phantom results once again demonstrated the specificity of
the multiband selective RF pulse toward 2-DG-d2 (Figure 2B),
where the HDO signal was below the noise floor (SNR < 3)
compared to a nonselective hard pulse (selective pulse:
SNR,yc = 5.74, SNR = 2.92; hard pulse: SNR,yc = 625.70,
SNR = 357.19). To further improve the specificity and
sensitivity to 2-DG-d2, Bloch simulations were used to
improve the parameters of the bSSFP sequence. This
simulation showed that a shorter bSSFP sequence (Ty/Ty =
9 ms/4.5 ms, FA = 60°) combined with the multiband RF
pulse resulted in the highest average signal intensity from 2-
DG-d2 bandwidth and a further reduction in HDO signal,
providing >550-fold suppression of HDO signals (Figure S2B).
Using the optimized bSSFP sequence and multiband RF pulse,
we could detect signal from a 10 mM 2-DG-d2 phantom
within ~12 min with 125 mm X 125 mm X 2.5 mm
resolution (Figure 2C). These studies indicated the potential
detection of 2-DG-d2 and/or phosphorylated 2-DG-d2 in vivo.

In preparation for bSSFP imaging, we first studied the
normal mouse brain using the 2-DG-d2 selective pulse and 2D
CSI. The normal mouse brain was first studied without 2-DG-
d2 administration (Figure S3), yielding HDO suppression
analogous to the phantom studies. The following SNR analysis
showed that HDO was suppressed and barely detected from
the *H spectrum using the multiband selective pulse (selective
pulse: SNRyc = 5.81, SNR = 1.39; hard pulse: SNRyyc =
28.82, SNR = 6.89), indicating that the approach is efficiently
selective for 2DG-d2 even in the presence of B, field
inhomogeneities. After this demonstration of HDO suppres-
sion, the intracranial dynamics of 2-DG-d2 was studied
following its ip administration (Figure 3A) using nonlocalized
NMR spectroscopy, whose result (Figure 3B,C) suggested that
brain 2-DG-d2 signals were already at steady state sometime
earlier than 30 min after ip injection (3g/kg of body weight)
and appeared to be relatively stable in the following 60 min,
suggesting the metabolic trapping of 2-DG-d2 in vivo.

A DMI glucose administration protocol analogous to that of
['8F]FDG PET was sought,14 whereby a high-resolution image
of a metabolically trapped nucleus (*H for DM, '*F for PET)
was acquired at a single time point. For selective detection of
the 2-position deuterons of 2-DG-d2, we performed 3D bSSFP
90 min following 2-DG-d2 ip injection into a healthy female
mouse. The optimized 3D bSSFP sequence was able to detect
the distribution of intracranial 2-DG-d2 and its metabolites
using an ~20 min scan at high spatial resolution (1.25 mm X
125 mm X 2.5 mm) (Figure 4A), with the mapping of
intracranial 2-DG-d2 at different craniocaudal levels (Figure
4C). In contrast, when the same DMI protocol was applied to
an age- and sex-matched animal without 2-DG-d2 injection,
signals were below the noise floor (Figure 4B).

In this study, we showed that DMI could be used to detect 2-
DG-d2 and presumably its chemically analogous metabolites
(2-DG-d2-6-phosphate) with high spatial resolution in the
normal murine brain. This was accomplished via a multiband
selective RF pulse and bSSFP sequence. The specificity and
sensitivity of the proposed DMI strategy were validated using
both phantoms and normal mice. Volumetric imaging of 2-
DG-d2 in the healthy mouse brain was achieved with a higher
spatial resolution (<4 uL) and shorter scan time (<20 min)
versus the 2D CSI sequence (spatial resolution = 8—27 uL,
scan time = 30—35 min) reported by [6,6’-*H,]glucose rodent
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Figure 4. Imaging of 2-DG-d2 in the murine brain using bSSFP.
(A) At 90 min after ip injection of 2-DG-d2, 3D bSSFP can detect the
distribution of intracranial 2-DG-d2 (and presumably its structurally
related metabolites) at a spatial resolution of 1.25 mm X 1.25 mm X
2.5 mm. A 'H MRI image of the brain is highlighted on the left
(outlined by a dotted line) with the bSSFP image on the right. (B)
When the same scan was applied on a control animal receiving no 2-
DG-d2 injection, the imaging signal was below the noise floor. (C)
Fused 'H and DMI images are shown to indicate distribution of *H
bSSFP signals from different brain craniocaudal levels.

DMI studies.''® Several innate NMR properties of 2-DG-d2
were also investigated. The near unity T,/T] ratio of 2-DG-d2
made bSSFP-based acquisition an ideal strategy to image 2-
DG-d2 due to its high SNR efficiency compared to spoiled-
GRE sequences.'” Furthermore, the most beneficial NMR
characteristic of 2-DG-d2 is its large (2.9 ppm) chemical shift
from HDO. This is in contrast to other deuterated glucose
analogs that were recently reported, such as deuterated 3-O-
methyl%lucose (OMG) whose chemical shift is <1.5 ppm from
HDO." The larger spectral separation relaxes the multiband
RF pulse design constraints, making it easier to achieve sharp
stopband (HDO suppression) and passband (2-DG-d2
excitation) while maintaining a short RF pulse duration.
Another yet unexplored advantage brought by the sparse *H
spectrum is an HDO image acquired in an analogous manner,
as proposed for 2-DG-d2. The resultant HDO mapping can be
used as an internal reference and aid in 2-DG-d2
quantification, though it is important to note that the smaller
T,/ T, ratio of HDO will result in reduced sensitivity using this
bSSFP-based approach.

The 2-DG-d2 signal observed in this work was largely
localized to the murine brain. This is due in part to the use of a
16 mm surface coil, which provides high-sensitivity coverage
over the brain, but the *H signal is attenuated as the distance
from the coil increases. A volume coil would provide deeper
tissue coverage at the expense of reduced sensitivity, which
would necessitate longer scan times or coarser resolution to
regain SNR. In addition, the typical PET-FDG study in a

https://doi.org/10.1021/jacsau.4c00888
JACS Au 2025, 5, 571-577


https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00888/suppl_file/au4c00888_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00888/suppl_file/au4c00888_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00888?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00888?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00888?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00888?fig=fig4&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00888?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

human has massive brain uptake relative to surrounding
structures in the head/neck. Just as tissues other than the brain
have low glucose uptake in PET-CT in the head/neck region,
in the sensitive region of the 2H coil, we did not observe tissues
other than the brain itself.

Although [6,6'-*H,]glucose, so far the most common DMI
probe, can be used to monitor glucose catabolism by detecting
the downstream products of glycolysis (lactate and Glx),
["®F]JFDG PET reveals more proximal events in glycolysis,
namely, glucose uptake and subsequent 6-position phosphor-
ylation that leads to trapping of [**F]FDG.'” The utility of
["®F]JFDG PET has been demonstrated in extensive patient
data in the past decades: increased ["*F]JFDG uptake is
observed in different cancers (an essential feature of the
Warburg effect), and decreased ['*F]FDG uptake is seen in
neurodegenerative conditions like Alzheimer’s and Parkinson’s
diseases.”” On the contrary, [6,6’-*H,]glucose DMI cannot
precisely provide a measure of glucose uptake, since there is
potential loss of *H labeling to the HDO pool during glucose
catabolism, leading to a nonstoichiometric relationship
between [6,6'-’H,]glucose uptake and the downstream
metabolite production.””' In contrast, 2-DG-d2 DMI can
more directly reflect glucose uptake like ['*F]FDG PET and is
also featured for being nonradioactive and readily accessible,
providing a wider usage in longitudinal studies than ['"*F]FDG
PET.

According to our nonlocalized *H spectroscopy results,
although the intracranial 2-DG-d2 signal was consistent
between 30 and 90 min after ip injection, at 22 h postinjection
there was barely remaining 2-DG-d2 detected from the mouse
brain (Figure S4). Since the conversion between 2-DG and 2-
DG-6-phosphate is reversible and the clearance of 2-DG from
the vascular bed is rapid, its equilibrium intracellular
concentration will be subject to (1) continuous phosphor-
ylation of 2-DG and dephosphorylation of 2-DG-6-phosphate
and (2) 2-DG reentering the blood. These two main factors
result in a halflife of ~1.4 h for the total 2-DG/2-DG-6-
phosphate pool in the brain,”> which kinetics should be
followed by both ["*F]JFDG and 2-DG-d2. However, unlike
[*F] with a 1.8 h half-life, 2-DG-d2 can provide a more direct
inference of the metabolic fate of 2-DG after being taken up by
cells.

A significant limitation of the proposed method is the
potential toxicity of 2-DG-d2 at the doses required for high-
resolution brain imaging. The parent (nonenriched) metabo-
lite 2DG has been studied in several clinical trials, including
those treating advanced solid tumors (up to 88 mg kg™’
day™)** and most recently for COVID-19 (up to 126 mg
kg™! day™).**** 2DG is also well-tolerated in mice (LDy, > 8
g/kg in mice).lé 2DG has been administered in doses up to
250 mg/kg to treat patients with glioblastoma multiforme
without any adverse side effects,”® which is similar to the
mouse dose used in this study, obtained via a standard
calculation based on body surface area.”” Thus, although the
antimetabolite characteristics of 2DG are well-known, these
quantities suggest the feasibility of patient use after further
optimization of the imaging protocol and coil design that leads
to lower 2-DG-d2 doses for human imaging. With respect to
the general safety of DMI, deuterated molecules have been
studied and implemented in humans for many years, especially
water itself (D,0).”*7>" Of note, even the high [6,6’-*H,]-
glucose doses administered to humans'> merely caused an
approximately 0.5—1.5% rise in the total deuterium-enriched
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body water, significantly below the toxicity threshold
(~20%).%*

This study shows the feasibility of imaging the normal brain
using DMI and the nonradioactive glucose analog 2-DG-d2,
which is chemically and biochemically analogous to the PET
tracer ["*F]FDG. Like ['®F]FDG PET, the developed DMI
strategy is likely specific for the detection of altered glucose
uptake, a biomarker in numerous human diseases. Additional
studies will be required to establish the relevance of 2-DG-d2
in disorders for which glucose metabolism is dysregulated,
including Alzheimer’s disease and cancer. Potential applic-
ability in humans is dependent on both understanding the 2-
DG-d2 dose required and the transition to clinically relevant
magnetic field strengths.
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