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Simple Summary: Tumors increase their glucose and choline uptake to support growth. These
properties are employed to detect and identify tumors in the body by imaging the uptake of radio-
isotope analogs of these compounds. In this study we show that deuterium metabolic imaging (DMI)
(a new MRI method to image metabolites using non-radioactive labeling with deuterium) can image
choline uptake in tumors. Furthermore, we demonstrate that DMI can image the tumor uptake
of choline and glucose (and additionally its metabolic conversion) simultaneously, in contrast to
radio-isotope imaging, which only assesses the uptake of one radio-isotope labeled compound at a
time. For these reasons (and also because DMI is relatively simple and can be combined with other
MR methods), it is a promising modality for a more specific tumor characterization than by separate
imaging of the uptake of radio-isotope labeled glucose or choline.

Abstract: Increased glucose and choline uptake are hallmarks of cancer. We investigated whether
the uptake and conversion of [2H9]Choline alone and together with that of [6,6' —2H2]glucose can be
assessed in tumors via deuterium metabolic imaging (DMI) after administering these compounds.
Therefore, tumors with human renal carcinoma cells were grown subcutaneously in mice. Isoflurane
anesthetized mice were IV infused in the MR magnet for ~20 s with ~0.2 mL solutions containing
either [2Hg]choline (0.05 g/kg) alone or together with [6,6' —sz]glucose (1.3 g/kg). 2H MR was
performed on a 11.7T MR system with a home-built 2H/'H coil using a 90° excitation pulse and
400 ms repetition time. 3D DMI was recorded at high resolution (2 X 2 x 2 mm) in 37 min or at low
resolution (3.7 X 3.7 x 3.7 mm) in 2:24 min. Absolute tissue concentrations were calculated assuming
natural deuterated water [HOD] = 13.7 mM. Within 5 min after [*Hg]choline infusion, its signal
appeared in tumor spectra representing a concentration increase to 0.3-1.2 mM, which then slowly
decreased or remained constant over 100 min. In plasma, [*Hg]choline disappeared within 15 min
post-infusion, implying that its signal arises from tumor tissue and not from blood. After infusing a
mixture of [2Hy]choline and [6,6'-2H;]glucose, their signals were observed separately in tumor >H
spectra. Over time, the [>?Hg]choline signal broadened, possibly due to conversion to other choline
compounds, [[6,6' -sz]glucose] declined, [HOD] increased and a lactate signal appeared, reflecting
glycolysis. Metabolic maps of 2H compounds, reconstructed from high resolution DMIs, showed
their spatial tumor accumulation. As choline infusion and glucose DMI is feasible in patients, their
simultaneous detection has clinical potential for tumor characterization.
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1. Introduction

Enhanced glucose uptake is a hallmark of malignant tumors. For diagnostic pur-
poses, this is traditionally assessed via PET using the glucose analog 8Fluordeoxyglucose
(FDG) [1]. However, this method cannot monitor subsequent glucose catabolism. For
in vivo applications, 13C magnetic resonance (MR) spectroscopy has been used to probe
uptake and metabolic conversions of non-radioactive '3C labeled glucose in tumors into
lactate and other compounds [2,3]. The low SNR of the method precludes its use as an
imaging method, although recently reported denoising methods may favor better imaging
conditions [4]. The hyper-polarization of 1>C nuclei in labeled compounds considerably
improves the signal-to-noise ratio (SNR) of their signals. Applying these compounds to
the body enables imaging of metabolic processes otherwise not detectable by MR, but this
method is limited by a short time window of visibility. This short time window affects
glucose in particular due to short T1 relaxation times of the '>C nuclei in this molecule [5,6].
A further possibility for enhanced glucose detection in MR is provided by chemical ex-
change saturation transfer (CEST) imaging by which proton exchange between water and
glucose is employed to exploit the large magnetic pool of water protons for an SNR increase
in the detection of the glucose moiety. However, the method may be rather non-specific
due to various interactions in which these protons are involved and it also gives no direct
view on glucose catabolism [7].

Recently, the use of deuterium (*H or D) MR to trace deuterated metabolites in the
body (after administration of deuterated substrate) has gained new momentum under the
names of deuterium metabolic spectroscopy (DMS) or imaging (DMI), in particular for
the spatial monitoring of glucose uptake and its conversion in the brain and brain tumors
using non-radioactive [6,6' 2H,] glucose as substrate [8-10]. DMI has several advantages
(e.g., by tracking ?H in lactate and combined glutamine and glutamate signals, it provides
a quantitative biomarker for the Warburg effect [9] and for the glycolytic pathway in
tumors [11]). A potential clinical advantage of the method is the simplicity of its application
compared to FDG-PET and hyper-polarization MR [9].

Enhanced choline uptake is another hallmark of cancer and the uptake of choline com-
pounds in tumors has been assessed by '8F or 1'C choline PET for diagnostic purposes [12].
Often, choline-PET identifies tumors better than FDG-PET [13,14]. Increased steady state
levels of choline compounds in tumors can be mapped by 'H MR spectroscopic imaging,
but separation of its different species is not possible [12,15]. The main different phosphory-
lated choline compounds can be detected via 3'P MR spectroscopic imaging employing
'H decoupling or high magnetic fields (>7T), although at a lower spatial resolution than
total choline detection via 'H MR spectroscopic imaging [12,16,17]. It is possible to obtain
choline in which the nine protons at the methyl groups are replaced by deuterons which is
favorable for a good SNR in DML

The aims of this study were to demonstrate the feasibility of DMI to monitor [?Ho]
choline uptake in subcutaneous renal tumor models and to record the uptake and conver-
sion of [6,6' —2H2]glucose simultaneously with that of [*Hg]choline in these tumors.

2. Materials and Methods
2.1. Tumors and Animal Handling

Animal experiments were conducted according to institutional guidelines and regula-
tions and were approved by the national Central Animal Experiments Committee (CCD)
and the local animal welfare body (RU-DEC-2017-0038-12 and RU-DEC-2017-0038-013).
Mice (age 6-8 weeks) were kept under specified pathogen free conditions and received
food and water ad libitum. Human renal carcinoma cells were subcutaneously injected
in the flank of athymic female BALB/c nu/nu mice (SKR17T-CA9-Luc cells) or of NSG
(NOD SCID) mice (NU12 cells) and tumors were grown up to about 0.5 cm? in size. Before
the MR experiments, they were anesthetized by applying 1-2% isoflurane in a mixture
of Oy /NyO = 1:2 through a mask. Respiration rate was maintained at 60-80 bpm. Body
temperature was monitored with a rectal probe and maintained at about 37 °C with heated
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air. A catheter was placed in a tail vein for the infusion of solutions with 2H compounds.
About 30 min before the MR measurement, mice were IM injected with 12 pg atropine
to prevent a possible cholinergic reaction of the choline bolus. At the time of the MR
experiments, the animals weighed 24-38 g.

2.2. MR Hardware and IV Infusions

Mice were placed prone in the small bore magnet of an 11.7T BioSpec Avance III animal
MR system (Bruker BioSpin GmbH, Ettlingen, Germany). The tumors were positioned
inside a circular 2H coil with 16 mm diameter (76.8 MHz), which was surrounded by a
circular 'H coil of 25 mm diameter (500.3 MHz).

Inside the magnet the mice were IV infused with a saline solution of ~0.2 mL in ~20 s
containing either 0.05 g/kg [?Hy]choline or 0.05 g/kg [>Hg]choline combined with 1.3 g/kg
[6,6' —2H2]glucose. The 2H compounds were obtained from Sigma-Aldrich (Zwijndrecht,
The Netherlands).

2.3. Deuterium MR Spectroscopy and Imaging

First, T, weighted RARE 'H MR images were recorded with the 'H coil to check the
proper positioning of the tumors in the ?H coil (echo time (TE): 30 ms, repetition time (TR):
2500 ms, field of view (FOV): 20 x 20 mm, matrix 128 x 128 and a slice thickness (ST) of
1 mm) and T; weighted 3D FLASH 'H MR images (TE: 2.3 ms; TR: 20 ms; flip angle: 10°,
FOV: 33 x 33 x 33 mm; matrix 63 X 63 x 63) were acquired as reference images for the
DMI. Guided by the anatomical images, a volume of interest (VOI) of variable size (e.g.,
5 x 3 x 5 mm) was selected inside the tumor to optimize magnetic field homogeneity on
the line width of the water signal using a PRESS sequence.

DMS was recorded with a pulse-acquire sequence using a 50 ps square excitation
pulse of about 90° in the center of the coil. The pulse repetition time (TR) was 500 ms, the
acquisition band width was 14 ppm and 300 averages were acquired in a total acquisition
time of 2:24 min. 3D DMI was performed with a 1 ms composite RF pulse, optimized to
provide circa five-fold immunity towards RF inhomogeneity over a spectral bandwidth
>600 Hz, with TR = 400 ms and TE = 0.4 ms either at a high spatial resolution with a
FOV of 30 x 30 x 30 mm and matrix size 15 x 15 x 15 (resulting in nominal voxels
of 2 x 2 x 2mm (8 uL) obtained in 37 min) or at low spatial resolution with a FOV of
33 x 33 x 33 and matrix size 9 X 9 x 9 (resulting in a nominal voxels of 3.7 x 3.7 x 3.7 mm
(~50 pL) recorded in 2:24 min). The k-space data were acquired with spherical sampling
in 3D.

2.4. Data Processing

Deuterium metabolic imaging data was handled in DMIWizard (Fourier transform,
phasing, filtering, image reconstruction), a home-written Matlab-based graphical user
interface for the processing of 1D DMS and 3D DMI data.

After FT of the time series of 45 FIDs, the 2H MR spectra were frequency aligned and,
to improve the SNR, a moving average of 3 spectra was applied using jMRUI software [18].
Within jMRUI, the program AMARES was used to fit the signals of deuterated water
(HOD), choline (Cho), glucose (Glc) and lactate (Lac), assuming a Lorentzian line shape.
The glucose signal was approximated with two Lorentzian shaped lines, resonating 4.6 Hz
apart. As additional prior knowledge in signal fitting, the relative resonance frequencies
of the signals were included relative to HOD at 4.8 ppm (i.e. Glcl at 3.83 ppm, Glc2 at
3.77 ppm, Cho at 3.2 ppm and Lac at 1.3 ppm) and line widths were constrained between
10 and 60 Hz.

Absolute tissue concentrations were determined using the initial natural abundance
HOD signal as an internal reference assuming a natural abundance HOD concentration of
13.7 mM [8]. The tissue concentrations of compounds were normalized with respect to the
number of deuterons attached to them.
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2.5. Blood Samples

To determine 2H labeled compounds in blood, samples of 0.5 mL were obtained from
a puncture of the heart of the mice after infusion. Plasma was derived from the blood
samples by centrifugation for 5 min at 5000 rpm to separate it from cells. 2H NMR spectra
of 200 pL plasma samples were recorded at 500 MHz on a Bruker AVANCE III vertical bore
NMR system (Bruker BioSpin, Ettlingen, Germany) at a bandwidth of 12 ppm with 5 k
data points and 512 acquisitions. The repetition time was 5 s. If needed measurements per
time point were frequency aligned and averaged in jMRUI and for fitting AMARES was
applied using the same prior knowledge as for the in vivo spectra.

3. Results
DMS and DMI of Renal Tumor after [>Hglcholine Infusion

To test if we could monitor the uptake of 2Hyg choline in a subcutaneous tumor, we
infused 0.05 g/kg of a saline solution of about 0.15 mL of this compound for ~15 seconds
in the tail vein of mice carrying an SKRC17T tumor. On a T2 weighted MR image recorded
with the 1H coil, the tumor can be seen (Figure 1A). In a volume of 7 X 6 x 7 mm, the
magnetic field homogeneity in the tumor was optimized to a water line width of 65 Hz.
The 2H MR spectrum recorded with the 2H coil, without further localization, before the
infusion only showed a signal for natural abundance HOD (Figure 1B). Immediately
after the infusion a *H signal appeared at ~3.2 ppm, well separated from that of HOD,
which is assigned to the deuterated methyl groups of choline compounds. From its signal
integral we deduced that its tissue concentration increased to a maximum level of ~1.2 mM
[2Hy]choline at ~5 min post-infusion and then declined to 0.9 mM at ~15 min post-infusion,
after which it slowly decreased to ~0.7 mM at 100 min post-infusion (Figure 1D). Over this
time period, the HOD signal remained almost constant (Figure 1E) and no other resolved
’H signals were observed. Shortly after the infusion, the unfiltered line width of the
unlocalized signal was about 38 Hz for HOD and was about 25 Hz for [2Hy]choline. In the
100 min thereafter, the linewidth of HOD did not change, but that of [2Hg]choline steadily
increased to about 36 Hz (Figure 1F). From a high resolution 3D DMI obtained between
about 60 and 90 min post-infusion, a [2Ho]choline map could be reconstructed (Figure 1C).

To test how well the 2H signals of [2H?]choline and of [6,6' —2H2]glucose are separated
we recorded 2H MR spectra of a phantom containing two tubes, one filled with [*Hy]choline
and the other filled with [6,6’-2H,] glucose. An unlocalized 2H MR spectrum of the phantom
showed that the 2H signals of choline and glucose are well-resolved (Figure 2A). Using
a single Lorentzian line to fit these resonances resulted in a line width of 17.1 + 4.2.Hz
(SD of fit error) for choline and 32.2 + 4.3 Hz for glucose. The measurement of a 3D high
resolution DMI of the phantom enabled the reconstruction of separate maps for glucose
(Figure 2B) and choline (Figure 2C) in the tubes.

Subsequently, we investigated whether it was also possible to observe separated
choline and glucose signals in 2H spectra of a subcutaneous tumor by performing a 20 s
infusion of a solution with [2Hg]choline and [6,6'-*H;] glucose in the tail vein of an NSG
mouse carrying a NU12-Luc-GFP tumor (Figure 2D) and recording a high resolution 3D
DML In a 2H MR spectrum of an 8 uL voxel in the DMI of the tumor, the deuterated
choline and glucose signals are well separated, and a resolved signal for deuterated lactate
is also observed (Figure 2E). The tissue concentration of [2Hg]choline (averaged over the
time of the DMI recording of 37 min) was about 2 mM and its line width was 19 Hz. For
each of the deuterated compounds with signals in the 2H MR spectra, we reconstructed
metabolic maps parallel to the circular RF coil: HOD (Figure 2F), glucose (Figure 2G),
choline (Figure 2H), and lactate (Figure 2I). Although signal distribution in these maps is
also determined by the sensitive field of the RF coil, a comparison of the signal intensities
in the maps of the metabolites (which is expected to be the same if only determined by the
RF field) indicates differences in their distributions.
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Figure 1. Deuterium MR of a human renal tumor (SKRC17T) subcutaneously grown in a BALB/c mouse. (A). T2 MRI of the tumor. The chemical structure of [2Hg]choline is also indicated.
(B). Unlocalized >H MR spectra obtained with a surface coil at a time resolution of 2:30 min. The first spectrum recorded before the infusion of choline only shows a natural abundance
HOD signal at 4.8 ppm. Immediately after the infusion of a bolus of about 0.2 mL with [*Hg]choline, a signal for this compound is observed at about 3.2 ppm. Within ~5 min after the
infusion this signal has reached its maximum value and then slowly declines over time. (C). A metabolic map of [2Hy]choline reconstructed from a high resolution DMI obtained between
60 and 100 min post-infusion. (D). [2Hy]choline tissue concentration (mM) as a function of time post-infusion. After a rapid initial increase, it slowly decreases over time. (E). HOD tissue

concentration (mM) as a function of time. Over the measurement period of 100 min the HOD concentration essentially remains constant. (F). Fitted linewidths (Hz) of the [2Hg]choline and
HOD resonances as a function of time. That of HOD essentially remains constant, while that of [2Ho]choline increases.
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Figure 2. Deuterium metabolic imaging study of deuterated glucose and choline in phantom and in a human renal tumor
subcutaneously growing in mice. (A). An unlocalized 2H MR spectrum of two tubes, one filled with a saline solution of 2Hy
choline (63 mM) and the other with a saline solution of [6,6'->H;glucose (0.71 M). The glucose signal is completely separated
from the choline signal. (B). [6.6/ -sz]glucose map reconstructed from high resolution DMI of both tubes. (C). [2Hg]choline
map reconstructed from high resolution DMI of both tubes. (D). T2 weighted MR image of a slice through a NU12 renal
carcinoma growing in the flank of an NSG mouse. A voxel of 8 pL is indicated, which was selected from a high resolution 3D
DMI recorded in 37 min after IV application of a mixture of [6,6’-2H2]glucose and [2Hy]choline. (E). The 2H MR spectrum
of the 8 puL voxel selected from the tumor shows signals for water (HOD), glucose (Glc), choline (Cho) and lactate (Lac).
The spectrum was filtered with a 2Hz exponential line broadening. The glucose and choline signals are clearly separated.
(F). HOD map reconstructed from 3D DMI. (G). Glucose map reconstructed from 3D DMI. (H). Choline map reconstructed
from 3D DML (I). Lactate map reconstructed from 3D DMI. The maps are oriented parallel to the 2H RF coil (indicated by a
circle in F) and projected on top of T1 MR images. The metabolic color maps were scaled to the highest intensity of the
corresponding metabolite signal.

To examine if we can follow the conversion of [6,6/ -sz]glucose into lactate over time
in the presence of [2Hy]choline in a tumor, we recorded sequential low spatial resolution
DMIs at a time resolution of 2:24 min after the infusion of a mixture of these compounds
into mice carrying a subcutaneous SKRC 17-CA9-Luc tumor (Figure 3A). A stack plot of
2H MR spectra and the calculated tissue concentrations of compounds in these spectra as a
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function of time are displayed in Figure 3B-F. The HOD level is steadily increasing over
time (Figure 3C), while the glucose content is increasing to a maximum concentration of
about 8 mM in 5-10 min and then declines (Figure 3D). During this decline, a signal at
1.3 ppm for lactate appeared (Figure 3E). The [2Hg]choline tissue concentration increased
to values between 0.3 and 0.4 mM and remained stable up to 100 min. The line width of
the [2Hy]choline signal increased from about 10 Hz immediately after infusion to about
15 Hz after 100 min.
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Figure 3. Low spatial resolution 3D DMI (50 uL voxels), recorded at a time resolution of 2:24 min, from an SKRC 17T-CA9-
Luc tumor growing in the flank of a mouse. (A). T2 weighted MRI with a selected voxel inside the tumor indicated by a
red box. (B). Time series of 2H MR spectra consecutively recorded from this voxel over a period of 90 min showing an
increasing HOD signal, an increasing and decreasing glucose signal (C,D), a rapidly increasing and then constant choline

signal and a signal for lactate appearing during the decline of the glucose signal. (E,F). Time curves of metabolite tissue
concentrations (mM).
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Similar results were obtained in two other mice carrying tumors of the same batch. For
all 3 tumors the average tumor tissue concentration between 20 and 60 min post-infusion
was 0.32 &+ 0.05 mM for [?Hg]choline was 0.32 + 0.05 mM and was 0.86 + 0.27 mM for
deuterated lactate. The maximum average [6,6’ —2H2]glucose tissue concentration at 10 min
post-infusion was 8.87 £ 2.58 mM. Initial linewidths of compound signals in the spectra
of all tumor DMIs, recorded shortly after the infusion, depended on the magnetic field
shimming results.

In 2H NMR spectra of blood plasma taken immediately after infusion of a mixture
of [6,6'-2H5] glucose and [*Hg]choline, signals of both compounds can be detected next to
that of HOD (Figure 4A). Their concentrations were estimated to be 2.6 mM for choline
and 11.6 mM for glucose. From spectra taken at 15 min or longer after infusion, no choline
signal could be detected and the glucose signal was strongly decreased (Figure 4B). No
significant signal for [?Hy]betaine (the first breakdown product of choline at ~3.4 ppm)
was detected.

Choline |
HOD
}
I Glucose |
N,
/ MR s _\_ﬂ_v_,,// R T L

T
5.0 4.5 4.0 3.5 (ppm

Figure 4. 2H MR spectra recorded from plasma samples after infusion of a mixture of [6,6-
2H,] glucose and [2Hg]choline in mice carrying a subcutaneous renal tumor. (A). Spectrum taken
immediately after infusion. (B). Spectrum taken 15 min after infusion. The >H signal for glucose is
strongly reduced and that for choline signal is absent. Vertical scales are arbitrary.

4. Discussion

In this study, we developed a protocol to follow the uptake and to image the presence
of [?Hg]choline in renal tumors subcutaneously growing in the flank of mice via 2H MR
spectroscopy (DMS) and imaging (DMI) after an IV bolus administration of this compound.
In addition, we demonstrated that DMI can monitor the uptake of [2Hg]choline in these
tumors simultaneously with that of [6,6' -sz]glucose, and its conversion into lactate after
bolus administration of a mixture of both compounds. In 2H NMR spectra obtained of
blood plasma at 15 min post-infusion no [>?Hg]choline signal was present, in agreement
with the half-life of plasma choline of less than 1 min in mice [19]. This implies that the
[?Hg]choline signal seen in the in vivo 2H MR spectra arises from tumor tissue.

Previously, the uptake of [?Hy]choline has been monitored in an MCF7 human breast
tumor, growing subcutaneously in CD1 mice, via 2ZH MR spectroscopy at 4.7T of a single
voxel of 1 cm® during continuous low dose infusion (16 umol/kg/min) [20]. In contrast to
our study, a [?Ho]choline signal only appeared ~40 min after the start of infusion, but then
increased to a tissue concentration of ~1.5 mM, which is comparable to the concentrations
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observed in our renal subcutaneous tumors (0.3-2 mM). During infusion, the plasma level
of [?Hg]choline in CD1 mice reached a level of 222 + 22 uM, while it was estimated in
our mice to be 2.6 mM immediately after the bolus application. The higher field strength
contributed to a better spectral resolution in our study, but also the smaller selected
volumes of 50 uL and 8 pL and possibly the tissue composition of the tumor favored an
improved field homogeneity and spectral resolution. Recently, the specific accumulation of
[2Hyg]choline in a tumor in the rat brain by DMI has been demonstrated [21].

In our experiments with only [?Hg]choline infusion, the HOD signal did not change
much during the measurement time up to about 90 min, which is expected with a small
loss of deuterons from [?Hg]choline or its downstream products in processes involving
exchange with water. With this protocol of bolus administration, we also did not detect
any signal for [?Hy]betaine, the main breakdown product of choline compounds [22].

In all experiments with [2Hg]choline infusion, its signal in tumors rapidly increased to
a maximum level within 5 min and then slowly decreased or remained stable up to 100 min
post-infusion. As we cannot discriminate among the choline species that contribute to
the [*Hg]choline signal, it may be that the composition of these species change over time.
Recent ZH NMR studies of biopsies from brain tumors in the rat supplied with [2Hy]choline
indicate that choline is metabolized into phosphocholine and glycerophosphocholine
within the tumor, although substantial amounts of free choline still seem to be present
after 36 min [23]. In this respect, it is interesting that in our experiments the line width of
the [?Ho]choline signal increased over time, apparently because of the contribution of the
signals of other choline compounds with a slightly different chemical shift.

Because the IV application of a 0.05 g/kg [*Hg]choline bolus may give an acute
cholinergic reaction [24], we applied atropine to the mice as preventive measure. To avoid
this application, the amount of [?Hg]choline can be decreased and/or the infusion time can
be extended. In other supplementation studies (particularly in humans), choline is often
administered as a continuous infusion or orally [21,25,26].

Choline imaging with enhanced sensitivity has also been explored with hyperpolar-
ization by dynamic nuclear polarization (DNP) of [1,1,2,2 2H,, 1-13C] choline [27] and the
in vivo detection of DNP hyperpolarized >N choline in the rat was demonstrated [28].
In these experiments, precautions also had to be taken to avoid cholinergic reactions be-
cause a bolus infusion with relatively high choline concentrations (~90 mM) was required.
The intrinsic sensitivity of MR experiments using hyperpolarization is much better than
that of 2H MR experiments. Although no one-to-one comparisons have been made yet,
we anticipate that this difference will be largely compensated by the much longer time
available for data acquisition in 2H MR experiments and the nine deuterons contributing
to the [?Hg]choline signal. Apart from this sensitivity issue, 2H MR experiments are less
complicated to perform and easier to analyze than hyperpolarization MR experiments.

Increased steady state levels of choline compounds are a common finding in tumors
and are associated with demands for enhanced phospholipid metabolism to support
cellular membrane synthesis in oncogenesis and tumor progression. This property has
been explored in 'H MR spectroscopic imaging by using the (relative) intensity of the
overlapping signals of all choline compounds together as a non-invasive diagnostic marker
for several cancers such as in the brain, prostate and breast [12]. An increased total choline
signal may serve to localize the tumor and its quantified intensity to determine tumor stage
or aggressiveness [15] or to evaluate the effect of tumor treatments [29,30]. Choline tracer
imaging (such as in ''C choline PET or in [>?Hg]choline DMI) provides a more dynamic
view on choline uptake than the steady state levels of MRS detectable choline metabolites.
Although ITH MRSI offers a better spectral resolution than DMI, it faces the technical
challenge that the total choline signal has to be separated from background proton signals,
in particular of water and lipids. An even better spectral resolution is provided by 1>C
MRS, but at the cost of a lower sensitivity, unless DNP methods are applied (vide supra).

In this feasibility study we noticed that tumors may accumulate different levels
of [*Hg]choline and with variable spatial distributions. In future studies this has to be
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correlated with molecular features of these tumors such as proliferation markers, glucose
and choline transporters, and with tumor heterogeneity. In addition, the value of our DMI
approaches should be tested in tumors of different origin and body location.

The simultaneous monitoring by DMI of the uptake of choline and glucose and its
conversion over time, after combined [6,6’ -2H2]glucose and [2Hy]choline infusion, was
demonstrated for renal SKRC 17-CA9-Luc tumors. The concentration-time curve of [6,6-
2Hj]glucose recorded for these tumors are comparable to that in subcutaneously growing
EL4 tumors recorded under similar infusion and DMI conditions, taking normalization
with initial [HOD)] into account [11]. However, the deuterated lactate concentration in
our tumors was much lower, which indicates more oxidative metabolism or rapid lactate
processing. As no metabolites related to the TCA cycle have been detected (e.g., glutamate),
it is likely that lactate processing or removal is more efficient in these renal tumors.

To apply DMI of choline and glucose, separately or combined, to humans at lower
field strengths (<7T), it is necessary that their signals are resolved from HOD and from
each other. The line width of HOD from DMI volumes in the tumor (15-25 Hz) was larger
than that reported for the human brain at 4 and 7T [31], which is likely due to more difficult
magnetic field shimming conditions. For choline, we found line widths of about 10 to
20 Hz. As the spectral separation between HOD and choline signals is ~1.5 ppm, which
translates to ~30 Hz difference at 3T, and assuming no field dependent change in line
width [31], it follows that these signals can also be separately observed at this clinical field
strength. Likewise, we anticipate that glucose and choline signals (~0.5 ppm apart) can
be distinguished at 7T, but at 3T this may more critically depend on shimming results.
However, the glucose signal disappears within ~60 min post-infusion, which would allow
the observation of the choline signal as its intensity then has not changed much yet.

FDG PET is widely employed to detect tumors in the human body and ''C or 18F
choline PET is applied in more specific cases (such as in the characterization of prostate
and other cancers in the body [14,32,33]). Because of the high sensitivity of PET, isotope
labeled compounds can be applied at trace amounts, but when endogenous compounds
occurring at high body concentration are involved (e.g., glucose and choline), DMI may
be considered as a non-radioactive alternative. This has several additional advantages,
such as that these compounds can be monitored simultaneously, that the metabolism of
glucose to lactate and other compounds and to HOD can be evaluated and that it can be
combined with multi-parametric MRI. The application of other combinations of deuterated
compounds in tumor studies are foreseeable, as long as their signals are spectrally resolved,
for instance choline with the conversion of fumarate into malate to assess tumor cell death
after treatments [34] or an inert deuterated compound to assess tumor perfusion.

DMI does require that MR machines are equipped with dedicated 2H RF coils. For
humans, RF coils of sufficient quality for DMI at 7T to diagnose tumors in the brain have
been presented that appear to offer a spatial resolution comparable to that of FDG PET [9].
Recently, dedicated human 2H body coils were also shown to be able to record DMIs, such
as those of the liver after [6,6' —sz]glucose application [9,35]. However, it remains to be
seen what spatial resolution and tissue coverage can be achieved to detect and characterize
tumors in the body as compared to FDG and choline PET, which essentially provide
whole body imaging. The SNR of DMI experiments can be improved by signal denoising,
as recently demonstrated for DMI at 3T [36], and also by more optimal MR detection
methods [37], which can be employed for better spatial resolution or faster imaging.

5. Conclusions

In this study, we demonstrate that DMI of [2Hg]choline uptake in tumors subcu-
taneously growing in the mice is feasible. Moreover, we show that the simultaneous
monitoring of [?Hy]choline and [6,6'-*H;] glucose and its catabolic product lactate in tu-
mors via DMI is possible. This enables researchers to obtain information from two main
tumor properties at the same time, enhanced glucose uptake and catabolism and choline
uptake, and therefore has the potential to provide a more specific metabolic characteri-
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zation of tumor lesions than that obtained with single tracer, single parameter metabolic
imaging.

As DMI of glucose uptake and its metabolic conversions is feasible in patients, the
simultaneous performance of choline and glucose DMI has clinical potential.

Author Contributions: Conceptualization: A.H., A.V. and E.O.; methodology: A.V,, AH., Jv.A,E.O,,
R.A.d.G. and HM.D.E,; resources: A.H., HM.D.F,, R.A.d.G. and E.O.; data collection: A.V., J.v.A.,
A.H. and N.R;; data analysis and results interpretation: A.H., A.V,,]J.v.A. and N.R.; writing—original
draft preparation: A.H. and A.V.; writing—review and editing: all authors. All authors have read
and agreed to the published version of the manuscript.

Funding: This study is supported in part by NIH grant R01 EB025840 and NWO Investment grant
40-00506-98-0621. We thank the Radboud University for partly supporting the maintenance of the
MR facility (Centrale Onderzoeks Pool middelen).

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and approved by the Institutional Review Board (or Ethics Committee)
of the University Nijmegen and performed according to Dutch laws (RU-DEC-2017-0038-12 and
RU-DEC-2017-0038-013).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data of this study are available by the last author upon reasonable
request.

Acknowledgments: We thank Bianca Lemmers-van de Weem and Kitty Lemmens-Hermans for excel-
lent biotechnical assistance during tumor implantation and animal maintenance, Jeanette Oosterwijk—
Wakka for technical support and Xander Staal for help with the atropine application.

Conflicts of Interest: The authors declare that they have no conflict of interest. The funders had no
role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of
the manuscript, or in the decision to publish the results.

References

1.  Gambhir, S.S. Molecular imaging of cancer with positron emission tomography. Nat. Rev. Cancer 2002, 2, 683—-693. [CrossRef]

2. Rothman, D.L.; De Graaf, R.A.; Hyder, F.; Mason, G.F,; Behar, K.; De Feyter, HM. In vivo 13 C and 1 H-[ 13 C] MRS studies
of neuroenergetics and neurotransmitter cycling, applications to neurological and psychiatric disease and brain cancer. NMR
Biomed. 2019, 32, €4172. [CrossRef] [PubMed]

3. Wijnen, ].P; Van Der Graaf, M.; Scheenen, T.W.; Klomp, D.W.; De Galan, B.E.; Idema, A.].; Heerschap, A. In vivo 13C magnetic
resonance spectroscopy of a human brain tumor after application of 13C-1-enriched glucose. Magn. Reson. Imaging 2010, 28,
690-697. [CrossRef]

4. Brender, ].R,; Kishimoto, S.; Merkle, H.; Reed, G.; Hurd, R.E.; Chen, A.P; Ardenkjaer-Larsen, ].H.; Munasinghe, J.; Saito, K.; Seki,
T.; et al. Dynamic Imaging of Glucose and Lactate Metabolism by 13C-MRS without Hyperpolarization. Sci. Rep. 2019, 9, 3410.
[CrossRef]

5. Kurhanewicz, J.; Vigneron, D.B.; Ardenkjaer-Larsen, ].H.; Bankson, J.A.; Brindle, K.; Cunningham, C.; Gallagher, F.A.; Keshari,
K.R.; Kjaer, A.; Laustsen, C.; et al. Hyperpolarized 13C MRI: Path to Clinical Translation in Oncology. Neoplasia 2019, 21, 1-16.
[CrossRef]

6. Rodrigues, T.; Serrao, E.M.; Kennedy, B.W.; Hu, D.-E.; Kettunen, M.; Brindle, KM. Magnetic resonance imaging of tumor
glycolysis using hyperpolarized 13C-labeled glucose. Nat. Med. 2014, 20, 93-97. [CrossRef]

7. VanZijl, P.C.; Yadav, N.N. Chemical exchange saturation transfer (CEST): What is in a name and what isn’t? Magn. Reson. Med.
2011, 65, 927-948. [CrossRef]

8. Lu, M, Zhu, X.-H.; Zhang, Y.; Mateescu, G.; Chen, W. Quantitative assessment of brain glucose metabolic rates using in vivo
deuterium magnetic resonance spectroscopy. Br. J. Pharmacol. 2017, 37, 3518-3530. [CrossRef] [PubMed]

9.  De Feyter, HM.; Behar, K.L.; Corbin, Z.A.; Fulbright, R.K.; Brown, P.B.; McIntyre, S.; Nixon, T.W.; Rothman, D.L.; de Graaf, R.A.
Deuterium metabolic imaging (DMI) for MRI-based 3D mapping of metabolism in vivo. Sci. Adv. 2018, 4, eaat7314. [CrossRef]

10. De Feyter, H.M.; de Graaf, R.A. Deuterium metabolic imaging—Back to the future. . Magn. Reson. 2021, 326, 106932. [CrossRef]

11. Kreis, F; Wright, A.J.; Hesse, F,; Fala, M.; Hu, D.-E.; Brindle, K.M. Measuring Tumor Glycolytic Flux in Vivo by Using Fast
Deuterium MRI. Radiology 2020, 294, 289-296. [CrossRef]

12.  Glunde, K,; Bhujwalla, Z.M.; Ronen, S.M. Choline metabolism in malignant transformation. Nat. Rev. Cancer 2011, 11, 835-848.

[CrossRef]


http://doi.org/10.1038/nrc882
http://doi.org/10.1002/nbm.4172
http://www.ncbi.nlm.nih.gov/pubmed/31478594
http://doi.org/10.1016/j.mri.2010.03.006
http://doi.org/10.1038/s41598-019-38981-1
http://doi.org/10.1016/j.neo.2018.09.006
http://doi.org/10.1038/nm.3416
http://doi.org/10.1002/mrm.22761
http://doi.org/10.1177/0271678X17706444
http://www.ncbi.nlm.nih.gov/pubmed/28503999
http://doi.org/10.1126/sciadv.aat7314
http://doi.org/10.1016/j.jmr.2021.106932
http://doi.org/10.1148/radiol.2019191242
http://doi.org/10.1038/nrc3162

Cancers 2021, 13, 4034 12 of 13

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Hara, T. Review11C-Choline and 2-Deoxy-2-[18F]Fluoro-D-Glucose in Tumor Imaging with Positron Emission Tomography. Mol.
Imaging Biol. 2002, 4, 267-273. [CrossRef]

Treglia, G.; Giovannini, E.; Di Franco, D.; Calcagni, M.L.; Rufini, V.; Picchio, M.; Giordano, A. The role of positron emission
tomography using carbon-11 and fluorine-18 choline in tumors other than prostate cancer: A systematic review. Ann. Nucl. Med.
2012, 26, 451-461. [CrossRef]

Kobus, T.; Wright, A.].; Scheenen, TW.].; Heerschap, A. Mapping of prostate cancer by 1 H MRSI. NMR Biomed. 2013, 27, 39-52.
[CrossRef] [PubMed]

Peeters, T.H.; van Uden, M.].; Rijpma, A.; Scheenen, T.W.; Heerschap, A. 3D 31 P MR spectroscopic imaging of the human brain at
3 T with a 31 P receive array: An assessment of 1 H decoupling, T 1 relaxation times, 1 H- 31 P nuclear Overhauser effects and
NAD +. NMR Biomed. 2021, 34, e4169. [CrossRef]

Esmaeili, M.; Hamans, B.C.; Navis, A.; Van Horssen, R.; Bathen, T.F; Gribbestad, 1.S.; Leenders, W.; Heerschap, A. IDH1 R132H
Mutation Generates a Distinct Phospholipid Metabolite Profile in Glioma. Cancer Res. 2014, 74, 4898-4907. [CrossRef] [PubMed]
Vanhamme, L.A.; Boogaart, A.V.D.; Van Hulffel, S. Improved Method for Accurate and Efficient Quantification of MRS Data with
Use of Prior Knowledge. J. Magn. Reson. 1997, 129, 35-43. [CrossRef] [PubMed]

Freeman, J.J.; Choi, R.L.; Jenden, D.J. Plasma choline: Its turnover and exchange with brain choline. J. Neurochem. 1975, 24,
729-734. [CrossRef]

Katz-Brull, R.; Margalit, R.; Bendel, P.; Degani, H. Choline metabolism in breast cancer; 2H-, 13C- and 31P-NMR studies of cells
and tumors. MAGMA 1998, 6, 44-52. [CrossRef]

Ip, K.L.; Khunte, A.; Behar, K.L.; de Graaf, R.A.; de Feyter, H.M. Mapping of exogenous choline uptake in brain tumors in vivo
using deuterium metabolic imaging (DMI). In Proceedings of the International Society of Magnetic Resonance in Medicine;
Virtual. 2021. Available online: https:/ /www.ismrm.org/20/program_files/O41.htm (accessed on 9 August 2021).

Ueland, P.M. Choline and betaine in health and disease. J. Inherit. Metab. Dis. 2010, 34, 3—15. [CrossRef]

De Feyter, HM.; Thomas, M.A.; Ip, K.L.; Behar, K.I.; de Graaf, R.A. Delayed mapping of 2H-labeled choline using Deuterium
Metabolic Imaging (DMI) reveals active choline metabolism in rat glioblastoma. In Proceedings of the International Society of
Magnetic Resonance in Medicine. Virtual 2021, 29, 0016.

Agut, J.; Font, E.; Sacristan, A.; Ortiz, ]J.A. Dissimilar effects in acute toxicity studies of CDP-choline and choline. Arzneimit-
telforschung 1983, 33, 1016-1018.

Modinger, Y.; Schon, C.; Wilhelm, M.; Hals, P.A. Plasma Kinetics of Choline and Choline Metabolites after a Single Dose of
SuperbaBoost(TM) Krill Oil or Choline Bitartrate in Healthy Volunteers. Nutrients 2019, 11, 2548. [CrossRef]

Buchman, A.L,; Jenden, D.J.; Moukarzel, A.A.; Roch, M.; Rice, K M.; Chang, A.S.; Ament, M.E. Choline pharmacokinetics during
intermittent intravenous choline infusion in human subjects. Clin. Pharmacol. Ther. 1994, 55, 277-283. [CrossRef] [PubMed]
Friesen-Waldner, L.J.; Wade, T.P; Thind, K.G.; Chen, A.P.; Gomori, ].M.; Sosna, J.; McKenzie, C.A.; Katz-Brull, R. Hyperpolarized
choline as an MR imaging molecular probe: Feasibility of in vivo imaging in a rat model. J. Magn. Reson. Imaging 2015, 41,
917-923. [CrossRef] [PubMed]

Cudalbu, C.; Comment, A.; Kurdzesau, F; Van Heeswijk, R.B.; Uffmann, K.; Jannin, S.; Denisov, V.; Kirik, D.; Gruetter, R.
Feasibility of in vivol5N MRS detection of hyperpolarized 15N labeled choline in rats. Phys. Chem. Chem. Phys. 2010, 12,
5818-5823. [CrossRef]

Kumar, M.; Arlauckas, S.P.; Saksena, S.; Verma, G.; Ittyerah, R.; Pickup, S.; Popov, A.V,; Delikatny, E.J.; Poptani, H. Magnetic
Resonance Spectroscopy for Detection of Choline Kinase Inhibition in the Treatment of Brain Tumors. Mol. Cancer Ther. 2015, 14,
899-908. [CrossRef] [PubMed]

Hamans, B.; Navis, A.; Wright, A.; Wesseling, P.; Heerschap, A.; Leenders, W. Multivoxel 1H MR spectroscopy is superior to
contrast-enhanced MRI for response assessment after anti-angiogenic treatment of orthotopic human glioma xenografts and
provides handles for metabolic targeting. Neuro Oncol. 2013, 15, 1615-1624. [CrossRef]

De Graaf, R.A.; Hendriks, A.D.; Klomp, D.W.].; Kumaragamage, C.; Welting, D.; Arteaga de Castro, C.S.; Brown, P.B.; McIntyre,
S.; Nixon, T.W.; Prompers, ].].; et al. On the magnetic field dependence of deuterium metabolic imaging. NMR Biomed. 2020, 33,
e4235. [CrossRef] [PubMed]

Chiti, A.; Picchio, M. The rising PET: The increasing use of choline PET/CT in prostate cancer. Eur. ]. Nucl. Med. Mol. Imaging
2010, 38, 53-54. [CrossRef] [PubMed]

Lin, C.Y.; Lee, M.T,; Lin, C.L.; Kao, C.H. Comparing the Staging/Restaging Performance of 68Ga-Labeled Prostate-Specific
Membrane Antigen and 18F-Choline PET/CT in Prostate Cancer: A Systematic Review and Meta-analysis. Clin. Nucl. Med. 2019,
44,365-376. [CrossRef] [PubMed]

Hesse, F.; Somai, V.; Kreis, F; Bulat, F.; Wright, A.].; Brindle, K.M. Monitoring tumor cell death in murine tumor models using
deuterium magnetic resonance spectroscopy and spectro-scopic imaging. Proc. Natl. Acad. Sci. USA 2021, 118, e2014631118.
[CrossRef]

Gursan, A.H.A.; Welting, D.; Klomp, D.; Prompers, J.J. Monitoring liver glucose uptake and metabolism with dynamic 3D
deuterium metabolic imaging at 7T. In Proceeding of the International Society of Magnetic Resonance in Medicine. Virtual 2021,
29,1786.


http://doi.org/10.1016/S1536-1632(02)00015-X
http://doi.org/10.1007/s12149-012-0602-7
http://doi.org/10.1002/nbm.2973
http://www.ncbi.nlm.nih.gov/pubmed/23761200
http://doi.org/10.1002/nbm.4169
http://doi.org/10.1158/0008-5472.CAN-14-0008
http://www.ncbi.nlm.nih.gov/pubmed/25005896
http://doi.org/10.1006/jmre.1997.1244
http://www.ncbi.nlm.nih.gov/pubmed/9405214
http://doi.org/10.1111/j.1471-4159.1975.tb03856.x
http://doi.org/10.1007/BF02662511
https://www.ismrm.org/20/program_files/O41.htm
http://doi.org/10.1007/s10545-010-9088-4
http://doi.org/10.3390/nu11102548
http://doi.org/10.1038/clpt.1994.28
http://www.ncbi.nlm.nih.gov/pubmed/8143393
http://doi.org/10.1002/jmri.24659
http://www.ncbi.nlm.nih.gov/pubmed/24862837
http://doi.org/10.1039/c002309b
http://doi.org/10.1158/1535-7163.MCT-14-0775
http://www.ncbi.nlm.nih.gov/pubmed/25657334
http://doi.org/10.1093/neuonc/not129
http://doi.org/10.1002/nbm.4235
http://www.ncbi.nlm.nih.gov/pubmed/31879985
http://doi.org/10.1007/s00259-010-1662-3
http://www.ncbi.nlm.nih.gov/pubmed/21103870
http://doi.org/10.1097/RLU.0000000000002526
http://www.ncbi.nlm.nih.gov/pubmed/30888999
http://doi.org/10.1073/pnas.2014631118

Cancers 2021, 13, 4034 13 of 13

36.

37.

Adebayo, A.D.K.; Watkins, R.; Liu, S.C.; Hurd, R.; Spielman, D.M. Deep Learning using synthethic data for signal denoising and
spectral fitting in deuterium metabolic imaging. In Proceedings of the International Society of Magnetic Resonance in Medicine.
Virtual 2021, 29, 2017.

Peters, D.C.; Markovic, S.; Bao, Q.; Preise, D.; Sasson, K.; Agemy, L.; Scherz, A.; Frydman, L. Improving deuterium metabolic
imaging (DMI) signal-to-noise ratio by spectroscopic multi-echo bSSFP: A pancreatic cancer investigation. Magn. Reson. Med.
2021. [CrossRef] [PubMed]


http://doi.org/10.1002/mrm.28906
http://www.ncbi.nlm.nih.gov/pubmed/34196041

	Introduction 
	Materials and Methods 
	Tumors and Animal Handling 
	MR Hardware and IV Infusions 
	Deuterium MR Spectroscopy and Imaging 
	Data Processing 
	Blood Samples 

	Results 
	Discussion 
	Conclusions 
	References

