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The promising dynamic nuclear polarization (DNP) for hyperpolarized 13C‐MRI/MRS of real‐time metabolism in vivo
is challenged by the limited number of agents with the required physical and biological properties. The physical
requirement of a liquid‐state T1 of tens of seconds is mostly found for 13C‐carbons in small molecules that have no
direct protons attached, i.e. carbonyl, carboxyl and certain quaternary carbons. Unfortunately, such carbon
positions do not exist in a large number of metabolic agents, and chemical shift dispersion often limits detection of
their chemical evolution. We have previously shown that direct deuteration of protonated carbon positions
significantly prolongs the 13C T1 in the liquid state and provides potential 13C‐labeled agents with differential
chemical shift with respect to metabolism. The Choline Molecular Probe [1,1,2,2‐D4, 2‐

13C]choline chloride (CMP2)
has recently been introduced as a means of studying choline metabolism in a hyperpolarized state. Here, the
biophysical properties of CMP2 were characterized and compared with those of [1‐13C]pyruvate to evaluate the
impact of molecular probe deuteration. The CMP2 solid‐state polarization build‐up time constant (30min) and
polarization level (24%) were comparable to those of [1‐13C]pyruvate. Both compounds’ liquid state T1 increased
with temperature. The high‐field T1 of CMP2 compared favorably with [1‐13C]pyruvate. Thus, a deuterated agent
demonstrated physical properties comparable to a hyperpolarized compound of already proven value, whereas
both showed chemical shift dispersion that allowed monitoring of their metabolism. It is expected that the use of
deuterated carbon‐13 positions as reporting hyperpolarized nuclei will substantially expand the library of agents
for DNP‐MR. Copyright © 2011 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Significant attention has been given to the hyperpolarization
technology of dynamic nuclear polarization (DNP) following
reports on how to preserve the enhanced 13C‐NMR signal in a
liquid state, and that this signal can be used to measure real‐time
metabolism in animals (1,2). This intriguing application of
hyperpolarized MRI is, however, challenged by the limited
number of molecular probes possessing the required physical
and biological properties. Since the enhanced MR signal needed
to study real‐time metabolism is created in the solid state, it
cannot be regenerated once the molecular probe has been
liquefied and will disappear with the liquid state relaxation
constant, T1. This time dependence limits and governs the
selection of molecular probes. In order to show value as a
metabolic probe (i.e. being taken up in cells andmetabolized), the
T1 needs to be long enough for the signal to survive sample
handling time and allow the metabolic system in question to
function. Such a long liquid state T1 has been found for

13C‐carbons
in small molecules that have no direct protons attached, i.e.
carbonyl, carboxyl and certain quaternary carbons. In fact, to date,
all of the useful in vivomolecular probes utilized in this technology
have contained a nonprotonated carbon 13‐enriched positions, as
in pyruvate (2), fumarate (3), t‐butanol (4), acetate (5), fructose (6),
acetic anhydride (7) and α‐ketoisocaproic acid (8). Unfortunately,

chemical shift dispersion is often limited for molecular probes that
are 13C‐labeled in carbonyl and carboxyl carbons, hampering the
detection of their metabolic products owing to chemical shift
overlap. This has greatly limited the selection of molecular probes
for this technology.

The Choline Molecular Probe [1,1,2,2‐D4, 2‐
13C]choline chloride

(CMP2) has recently been introduced as a means of studying
choline metabolism in a DNP‐driven hyperpolarized state (9). This
choline analog was specifically designed to follow the metabolism
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of choline to acetylcholine owing to the unique chemical shift of
the labeled carbon position (methylene 2), which provides an
unequivocal signal of acetylcholine (9,10). The use of carbon‐13
positions that are normally protonated for DNP hyperpolarization
was first introduced with this molecular probe and provides a
means of dramatically expanding the library of probes that may be
used in combination with the DNP hyperpolarization technique.
Because the CMP2 probe presents a new approach for designing
molecular probes for DNP hyperpolarization, using a deuterated
carbon‐13 position as the active part of themolecule, we felt that it
was important to investigate the performance of such an approach
with respect to existing knowledge in the field. The most
investigated hyperpolarized molecular probe to date is by far
[1‐13C]pyruvate (pyruvate) with several papers describing investi-
gations of its performance in cultured cells and tissues, and in
solution (e.g. 11–13), and more than 20 papers describing in vivo
applications (14,15). The pyruvate probe has excellent physical
properties (relatively long T1, high polarization, and fast polariza-
tion build‐up). For these reasons, the pyruvate molecular probe is
considered a ‘gold standard’ in the field.

In the current study we investigated the biophysical
properties of the CMP2 probe and compared them with those
of the [1‐13C]pyruvate probe. These included studies on T1 and
heteronuclear interactions as well as testing the probes in whole
blood for signal decay. On the basis of the findings and
understanding of the physical properties of the CMP2 molecular
probe, the general concept of deuteration is evaluated.

2. RESULTS

The comparison and characterization of the probes’ performance
are described according to the steps involved in the preparation
and the use of the hyperpolarized molecular probes in vivo, i.e.
solid‐state polarization, dissolution, T1 in solution, effects of
magnetic field and temperature and decay in blood. Considera-
tions of heteronuclear decoupling are also presented.

2.1. Solid‐state polarization

A DNP polarization protocol for CMP2 was developed and
yielded a polarization build‐up constant of 30 ± 2min (n= 4),
meaning that 95% of the polarization was achieved within 1.5 h.
This polarization time (1.5 h) was found to be in the same order
of magnitude as that of pyruvate (~1 h), which showed a build‐
up time constant of 18 ± 1min (n= 3) in the same polarizer,
operating at 3.35 T and ca. 1.3 K (see the Experimental section).

The polarization level reached 24± 8% (n= 4), which was
comparable with the polarization of pyruvate (28 ± 1%, n= 3) in
the same polarizer. These polarization levels were measured in
liquid state, ca. 20 s after dissolution, at 14.1 and 9.4 T,
respectively. We note that both the polarization level and the
build‐up time constant for CMP2 may be further improved when
the polarization preparation is further optimized.

2.2. T1 in liquid state – field dependence

It was previously shown that the T1 of hyperpolarized
compounds (lactate) can be critically dependent on the
magnetic field (16). Here, we found a similar effect for pyruvate
(Fig. 1). At 37 °C, the pyruvate T1 (carbonyl carbon) was found to
be significantly longer at a lower field strength (from ca. 34 s at

14.1 T to 70 s at 2.4 T, a clinically relevant field strength). The
dependence of the T1 of CMP2 on the magnetic field was
investigated at 37 °C as well, at the ultra high fields of 7, 9.4, 11.8
and 14.1 T and at the fringe field of the latter (~5 gauss, low‐
field). The results are summarized in Fig. 1: the liquid state T1 of
CMP2 was found to be 13 s longer than that of pyruvate at 14.1 T
and 37 °C. At 7 T and 9.4 T the T1 of CMP2 (60 and 54 s,
respectively) appeared comparable to that of pyruvate. The low‐
field T1 of CMP2 was estimated by placing the enhanced sample
in the fringe field of the unshielded 14.1 T magnet (n= 1) for
intervals of 1min. From this experiment it was concluded that
the low‐field T1 is long (> 50 s). We note that, in this low‐field
study, the temperature was not well controlled and we expect
the relevant temperature to be less than 37 °C, although that
was the spectrometer probe’s temperature. In Fig. 1, the dashed
line connecting this low‐field measurement to the other
measurements represents this uncertainty in temperature, which
may affect the T1 as described below.

2.3. T1 in liquid state – temperature dependence

Next, the effect of temperature on the T1 in solution was
investigated for both compounds. For pyruvate this effect was
investigated at 9.4 T in the hyperpolarized state. For CMP2 this
effect was investigated at 11.8 T under thermal equilibrium
conditions, and at 14.1 T in a hyperpolarized state. The results
are summarized in Table 1. Both probes appear to show a longer
T1 at higher temperatures and this effect appears to reproduce
at the three different field strengths used here. The effect of
temperature on T1 was systematically investigated for the CMP2
probe. This investigation was carried out at thermal equilibrium
conditions where the temperature can be carefully controlled.
Indeed, the T1 of CMP2 was found to be longer at higher
temperatures. This finding clearly indicates that it would be
favorable for both CMP2 and pyruvate hyperpolarized media to
be maintained at above 37 °C prior to administration to the
animal or subject, as opposed to the more practical option of
handling and transporting the hyperpolarized media at room
temperature.
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Figure 1. The T1 of the carbon‐13 position in the CMP2 (blue) and the
pyruvate (red) molecular probes at various magnetic field strengths at
37 °C. The dashed line connecting the low‐field measurement (~5 Gauss,
fringe field of a 14.1 T spectrometer) to the 7 T measurement represents
the uncertainty in the low‐field measurement owing to a possible
decrease in temperature leading to a lower T1.
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2.4. T1 in liquid state – decay in blood

The next step in the hyperpolarized media path is the
transportation of the molecular probe to the target area via
the blood circulation, following an intravenous administration.
During this time, the polarization decays according to the added
possible effects of magnetic field, temperature and the micro‐
and macro‐environment of the blood. For this reason, the effect
of whole blood on the T1 of both probes was investigated. To
comparatively study this effect, CMP2 and pyruvate were
polarized simultaneously in the same sample. This was achieved
by creating glassy beads of the polarization preparation of each
and loading both beads into the same DNP sample holder. The
sample was polarized, dissolved (in pyruvate dissolution buffer)
and mixed with whole blood as described in the Experimental
section. Then, the decay curves of both compounds were
recorded simultaneously in the same spectra. Figure 2 demon-
strates a typical study, showing the decay of CMP2 and pyruvate,
but also the build‐up of the hyperpolarized lactate signal in the
blood. The whole‐blood decay time constant (Tdecay ) of the
polarized state was 39 ± 2 s (n= 3) for CMP2 and 23± 2 s (n= 3)
for pyruvate at 14.1 T and 37 °C. The term Tdecay is used here to
also accommodate the decay of the signal owing to (unwanted)
exchange and metabolism to lactate.
Lactate signal build‐up was observed in the spectra within a

few seconds after the addition of the hyperpolarized media
(containing 19.5mM pyruvate) to the blood (Fig. 2). In contrast,
CMP2 was not metabolized or exchanged in the blood and a
single signal was observed throughout the study. Because CMP2
did not metabolize/exchange in blood and its T1 appeared

relatively insensitive to the magnetic field, we did not further
investigate its Tdecay at other magnetic fields and concluded that
39 ± 2 s represents a lower limit for its Tdecay in blood for various
in vivo applications. However, the T1 of pyruvate appeared to be
dependent on the magnetic field and therefore we have
characterized its Tdecay in blood with respect to the magnetic
field. The Tdecay of pyruvate at 37 °C in whole blood was found to
be 23± 2 s (n= 3), 32 ± 3 s (n= 3), and 37± 8 s (n= 3), at 14.1, 9.4
and 2.4 T, respectively.

2.5. Deuterium decoupling

Deuterium decoupling of CMP2 was performed at 11.8 T at
thermal equilibrium. The deuterium split was eliminated as
expected and the gain in the signal‐to‐noise ratio (SNR) of the
main signal was 3.1, in agreement with the expected 3‐fold
theoretical gain (Fig. 3).

Next we investigated whether deuterium decoupling is also
feasible for a metabolic product of CMP2, namely [1,1,2,2‐D4,
2‐13C]acetylcholine (AcCMP2). A mixture of CMP2 and AcCMP2
was obtained by the enzymatic acetyltransferase reaction on
CMP2 as described in the Experimental section. As expected, as a
result of deuterium decoupling, the deuterium split was
eliminated from both CMP2 and AcCMP2 signals and the chemi-
cal shift resolution between the signals increased appropriately
(Fig. 3).

2.6. Proton decoupling

The quaternary methyl protons were irradiated (as the rest of
the molecule is deuterated), resulting in an increase in the SNR
of the carbon‐13 signal of CMP2. Figure 4 shows an increase of
1.9‐fold in SNR when proton irradiation was applied during the
acquisition (proton decoupling) and a total increase of 2.2 when
proton irradiation was also applied prior to the acquisition
(nuclear Overhauser effect and proton decoupling). Irradiation
during the acquisition appeared to reduce the signal width
owing to removal of long‐range couplings and split, and thus led
to an increase in the signal amplitude (Fig. 4B).

In principle, the nuclear Overhauser effect is likely to be
inadvertent to the carbon‐13 hyperpolarized signal owing to
polarization transfer from 13C to 1H, which may reduce the 13C
hyperpolarized signal intensity. However, proton decoupling
alone is not likely to have this effect and from the results shown
here it appears that proton decoupling may offer an SNR
advantage for hyperpolarized studies of CMP2.

Table 1. Dependence of T1 on temperature

18 °C 25 °C 37 °C 45 °C 41 °C

T1 of CMP2 at 14.1 T (s)a — — 47± 2 56± 5
T1 of CMP2 at 11.8 T (s)b 35 ± 1 46± 6 53± 7 55± 5
T1 of pyruvate at 9.4 T (s)c — — 53± 2 60± 2

—, Not measured.
aMean T1 of the hyperpolarized decay curve. The error represents the standard deviation of the measurements: n= 5 at 37 °C, and
n= 3 at 45 °C. For the latter, the temperature of the hyperpolarized state in this study was estimated to decrease from 50 to 40 °C
within the measurement duration and is therefore reported as 45 °C.
bThe T1 at thermal equilibrium conditions. The error represents the confidence interval of the inversion recovery curve fit for each
point (n=1).
cMean T1 of the hyperpolarized decay curve. The error represents the standard deviation of the measurements (n=3).
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Figure 2. A typical Tdecay curve for CMP2 and pyruvate in whole blood
at 14.1 T. The build‐up of lactate signal in the blood is clearly seen. The
lactate signal intensity was augmented 30‐fold for clarity.
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3. DISCUSSION

We present an investigation into the properties of a DNP
molecular agent that consists of a carbon‐13 reporting nucleus
directly bonded to two deuterium atoms and adjacent to two
others. The effect of deuteration on adjacent carbon‐13

positions’ T1 had been described before (17,18), and the
deuteration strategy for the purpose of elongation of adjacent
(but not directly bonded) hyperpolarized carbon‐13 positions
had been previously implemented with regard to para‐
hydrogen induced polarization (19–21). However, to the best
of our knowledge the effects of deuteration on directly bonded
carbon‐13 positions that are used as reporting nuclei in the
hyperpolarized DNP‐MR technology have not been described
before. An important aspect that results from this work is that
deuteration of the reporting 13C position does not impede the
polarization build‐up process, as manifested by a build‐up time
constant and level that are comparable to those of pyruvate – a
well established DNP molecular agent.
It is noted that deuterated carbon‐13 positions used as

hyperpolarized reporting nuclei present a multi‐line signal owing
to the J‐coupling with deuterium. In the case of one directly
bonded deuterium the signal is split into three (with a 1:1:1
intensity ratio). In the case of two directly bonded deuterium
nuclei, the signal is split into five with an intensity ratio of
1:2:3:2:1. In order to recover the loss of signal intensity and
sharpen the resolution in the chemical shift dimension,
deuterium decoupling may be applied. The theoretical gain in
the signal intensity for the center signal would be 3‐fold, both for
one and two directly bonded deuterium nuclei. However, if other
deuterium couplings exist, the increase in SNR owing to
deuterium decoupling may even be higher. We have shown
here that the SNR gain owing to deuterium decoupling in the
CMP2 molecule is 3.1‐fold.
In addition, the resolution between CMP2 and its acetylcholine

product (AcCMP2) was improved by deuterium decoupling, by
increasing the actual separation between the two signals in the
chemical shift dimension. Therefore, it appears likely that the
effects of deuterium decoupling (i.e. increase in SNR and

CMP2CCMP2A

B
AcCMP2

6869 ppm

D

70 65 ppm

Figure 3. Deuterium decoupling of CMP2 and its acetylcholine metabolite. (A, B) Direct 13C spectra of CMP2 (106mM in water and 10% D2O) at 11.8 T,
acquired with and without deuterium decoupling, respectively. Each spectrum is an average of four transients. The elimination of the splitting from the
signals is clearly visible in the deuterium decoupled spectrum (A) compared with the nondecoupled spectrum (B). (C, D) Direct 13C spectra of a mixture
of CMP2 and its acetylcholine metabolite (AcCMP2), which was obtained using an acetyltransferase reaction on CMP2 (as described in the Experimental
section). The spectra were acquired with and without deuterium decoupling at 11.8 and 7 T, averaging 64 and 2300 transients, respectively. Because
the spectra were recorded on two different spectrometers and with a time lag that could allow the acetyltransfrerase reaction to progress either way, a
quantitative comparison between these two spectra (C and D) is not relevant.

A B C

68 676968 6769 68 6769
ppm ppm ppm

Figure 4. Proton decoupling for CMP2. The multiplet 13C signal of CMP2
(106mM in water and 10% D2O) at 11.8 T is shown without any proton
irradiation (A), in the presence of proton irradiation during acquisition (B,
proton decoupling), and in the presence of proton irradiation throughout
the measurement (C, nuclear Overhauser effect and decoupling).
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resolution) will be obtained for other metabolites of CMP2 as well.
We conclude that deuterium decoupling for deuterated carbon‐
13 reporting nuclei and their metabolites solves two problems
related to such positions: it improves the spectral resolution and
recovers the signal intensity lost due to scalar coupling. Owing to
the short time of irradiation needed for deuterium decoupling
(the 13C acquisition time), this approach is not expected to be
limited by specific absorption rate requirements but this aspect
requires further investigation.
The motivation for choosing the choline molecule as a target

for this investigation was due to its positioning at the crossroads
of essential metabolic processes (22): acetylation for the
production of the neurotransmitter acetylcholine, phosphoryla-
tion for the production of phosphocholine and further to
phospholipid metabolism, and oxidation to betaine and further
to methylation reactions in the cell. In the same manner,
pyruvate is at the crossroads of several major metabolic
pathways, including the citric acid cycle, alanine metabolism
and lactate production. In pyruvate, labeling of position 1 with
13C as the reporting hyperpolarized nucleus allows monitoring
of its metabolism to lactate, alanine, and bicarbonate (23). In
choline, labeling of position 2 with 13C (as in CMP2) allows
monitoring of acetylcholine synthesis with a chemical shift
difference of 2.9 ppm from choline (9). However, this position
has only 0.9 and 1.3 ppm chemical shift difference from
phosphocholine and betaine, respectively (9). To better resolve
hyperpolarized phosphocholine and betaine, it is possible to
label position 1 ([1,1,2,2‐D4,1‐

13C]choline chloride, CMP1), which
has a chemical shift difference of 2.4 and 113.7 ppm, respectively
(9). The focus in the current study on CMP2 and not on CMP1
was predominantly due to its availability through the donation
of this custom synthesized molecule. Nevertheless, position 1 is
very similar to position 2 in terms of being directly bonded to 2
deuterium atoms and being adjacent to another two deuterons.
Also, a previous investigation of deuteration of this position
showed a similar T1 elongation effect to that of position 2 (9).
Previous studies showed that the deuterated methyl 13Cs (9)
and a nitrogen‐15 nucleus (13,24,25) in the choline molecule
show a long T1 as well; however, the chemical shift differ-
ences to choline metabolites were too small to enable direct
metabolic monitoring and were therefore excluded from the
current study.
The investigation of T1 dependence on field strength showed

that the T1 of the deuterated methylene carbon in CMP2 was
less affected by field strength than pyruvate. We attribute this
difference between CMP2 and pyruvate to the lower chemical
shift anisotropy in the former as the electron distribution is
generally more uniform in tetrahedral positions compared with
carbonyl positions. This is a general concept relating not only to
CMP2 but also to many compounds which would benefit from
deuteration. As most DNP reporting nuclei today are placed in
carbonyl positions (2,3,8), the direct deuteration approach is
likely to substantially increase the portfolio of imaging agents
and reporting nuclei within them that are useful for the DNP
technology. For example, amino acids are examples of
compounds that would be expected to benefit from deuteration
because the chemical shift differences from the expected
metabolites are often negligible when labeled in the carboxyl
group position (or nonexistent in reactions of decarboxylation).
In addition, the deuteration approach may provide a new
strategy for designing imaging agents with longer T1, especially
when used at high fields.

The investigation of the Tdecay of CMP2 and the Tdecay of
pyruvate in whole blood demonstrated that both are shortened
by the blood environment. However, the percentage shortening
was much greater for pyruvate (32% at 14.1 T). We attribute this
effect to the combination of label exchange, metabolism to
lactate in erythrocytes, and to blood protein binding. Indeed, a
build‐up of label in lactate was observed here, in agreement
with previous reports in which it was attributed to exchange
with the labeled hyperpolarized pyruvate pool and metabolism
(26,27). The Tdecay of CMP2 in whole blood was therefore
significantly longer than that of pyruvate in the ultra high field
of 14.1 T. Based on the entire set of investigations described
herein, we predict that CMP2 Tdecay will be longer or comparable
to that of pyruvate at field strengths of 9.4 T and lower.

An important feature for the design of a metabolic molecular
agent is its ability to cross cellular membranes and the rate
constants of this process. In vivo studies, showing intracellular
metabolism, as in the case of pyruvate, provide the most definite
proof for a sufficiently rapid uptake process for hyperpolarized
studies. Although this is yet to be demonstrated for choline, we
briefly review here previous literature on choline transport in an
attempt to predict the utility of the choline probe on in vivo
hyperpolarized MR studies. In the brain, a specialized choline
transporter is expressed on the blood–brain barrier cells, with a
Km of 39–42 µM and a Vmax of up to 3.1 nmol/min/g (28). In the
kidney an uptake mechanism with a Km of 80–155 µM and a Vmax

of 71 pmol/µl water cell/min has been reported (29). Assuming
that the kidney contains approximately 85% water, this rate can
be expressed as 61 nmol/min/g. In rat liver cells, an uptake
mechanism with a Km of 340 µM and a Vmax of 0.45 nmol/mg
protein/15 s had been reported (30). Using a previously
determined conversion factor of 21mg protein/g tissue (31),
the choline uptake Vmax in the liver can be expressed as
38 nmol/min/g. In addition, previous studies of choline transport
in breast cancer cells (32) and prostate cancer cells (33) showed
a Km of 20 and 6–9 µM, respectively, and a Vmax of 20 nmol/mg
protein/h and 1.7 nmol/mg protein/10min, respectively. Using a
conversion factor of 35mg protein/g cell (34), these Vmax values
can be expressed as 12 and 6 nmol/min/g, respectively. The
range of Km values described here was attributed to the
presence of high, intermediate, and low affinity choline
transporters in various tissues (35). From these representative
studies, it would appear that, under a physiological concentra-
tion of choline in the blood of 10–100 µM and at the high doses
used in hyperpolarized studies of more than 10 µmol/kg, the
kidney would be the main organ for choline uptake.

The level of choline taken up by the above tissues is expected
to range between 3 and 55 nmol/min/g (or μM/min), considering
a dose of 1mg/kg CMP2. It is expected that this level of choline
and its metabolites would be amenable to monitoring by
hyperpolarized MR, considering that carbon‐13 substrates at
millimolar levels can be monitored using conventional spec-
troscopy and that hyperpolarization offers about four orders of
magnitude increase in signal, although signal averaging
considerations are different in hyperpolarized spectroscopy.

In principle, substitution of proton with a deuteron can lead
to a significant isotopic effect on a molecular agent’s phar-
macological properties (36). However, we have previously
shown that the substitution of the protons with deuterons at
the methylenic positions did not affect the specific enzymatic
conversion of choline to acetylcholine (9). It remains to be seen
whether this substitution would lead to changes in the rates
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of choline transport in various tissues, or in other choline
metabolic pathways.

4. CONCLUSION

CMP2, a molecular probe in which the reporting 13C nucleus is
positioned in an sp3 carbon position and directly bonded to two
deuterium atoms, compares favorably in several aspects to
pyruvate, which is today’s ‘gold‐standard’ for DNP hyperpolarized
molecular probes in which the reporting 13C nucleus is in an sp2
position. These aspects include an apparent relative insensitivity
of T1 to magnetic field, longer Tdecay in blood in ultra high
magnetic fields, and lack of metabolism or label exchange in
blood. In other aspects CMP2 is comparable to pyruvate and well
suited as a biomedical DNP compound. It is predicted to polarize
similarly fast and to a comparable high polarization as pyruvate.
However, the ability of pyruvate to show metabolism in vivo has
already been proven, while such ability is yet to be demonstrated
with CMP2. Deuterium decoupling of CMP2 and its metabolites is
likely to increase both the SNR and the resolution of CMP2 and its
metabolites in vivo.

5. EXPERIMENTAL

5.1. Materials

[1,1,2,2‐D4,2‐
13C]choline chloride was donated by BrainWatch Ltd

(BW‐42, BrainWatch Ltd, Tel‐Aviv, Israel). The spectral character-
istics of [1,1,2,2‐D4,2‐

13C]choline chloride were: 13C spectrum –
singlet at 55.5 ppm, methyls at natural abundance; multiplet
(1:2:3:2:1) at 68.3 ppm, each spilt to three (1:1:1), JC‐D=22.07Hz,
JC‐14N = 2.7Hz, N‐

13CD2‐;
1H spectrum – singlet at 3.2 ppm, methyls;

2H spectrum – doublet at 3.33 ppm, JC‐D=22.07Hz, ‐N‐
13CD2‐,

singlet at 3.88 ppm, ‐CD2‐OH, as previously described (9). [1‐13C]
pyruvate was obtained from Sigma‐Aldrich (Copenhagen,
Denmark). Trityl radical OX063, was obtained from GE Healthcare
(London, UK). ProHance was purchased from Bracco Diagnostics
Inc. (Italy). Carnitine acetyltransferase from pigeon breast muscle
(EC 2.3.1.7) was obtained from Sigma‐Aldrich (Rehovot, Israel).
Acetyl CoA was obtained from Sigma‐Aldrich (Rehovot, Israel).

5.2. NMR spectrometers

Several spectrometers located at various institutions were utilized
in this study. High‐resolution spectrometers included: an 11.8 T
spectrometer (Varian, Palo Alto, CA) with a 5mm direct multinuclei
probe located at Hadassah‐Hebrew University Medical Center,
Israel; an 11.8 T spectrometer (Bruker, Germany) equipped with a
cryo probe and a 5mm direct multinuclei probe located at the
Weizmann Institute of Science, Israel, which was used only for
deuterium decoupling; a 14.1 T spectrometer (Bruker, Germany)
with a 5mm inverse detection and a 10mm broad‐band probe at
Albeda Research, Denmark; and a 9.4 T spectrometer (Bruker,
Germany) equipped with a 5mm direct multinuclei probe located
at Albeda Research, Denmark. A pre‐clinical scanner operating at
2.35 T (Bruker, Germany) located at Imagnia, Swedenwas also used.

5.3. T1 determination

T1 measurements at thermal equilibrium were performed with
the standard Inversion Recovery pulse sequence. The data were
fitted to:

I ¼ I0 1−A*exp −t=T1ð Þ
h i

(1)

T1 measurements in a hyperpolarized state consisted of
recording the decay curve of the hyperpolarized signal. The data
were analyzed using the standard decay equation, where the
effect of RF pulsation on the decay rate was neglected owing to
the use of a small flip angle (3°). Curve fittingwas carried out using
the Matlab software (The MathWorks Inc., Natick, MA, USA).

5.4. Hyperpolarization

For the CMP2 hyperpolarization experiment, [1,1,2,2‐D4,2‐
13C]

choline chloride (27.3mg, 189 µmol) was mixed with 7.1mg of
an aqueous solution of OX063 (61mM) and ProHance (2.9mM).
The concentrations in the final DNP preparation were choline
6 M, OX063 14mM and ProHance 0.7mM. For the pyruvate
hyperpolarization experiment, [1‐13C]pyruvic acid (120mg,
1.34mmol) was mixed with OX063 (1.9mg, 1.3 µmol) and
2.1 µl of an aqueous solution of ProHance (30mM). The final
concentrations were OX063 14mM and ProHance 0.7mM.
Samples for DNP were taken from these stock solutions.
The contrast agent ProHance was added to the preparations

as it was previously shown that the addition of a Gd complex to
the solid‐state preparation increases the polarization level
reached at 3.35 T (37). The DNP samples were hyperpolarized
in a 3.35 T home‐built dissolution DNP polarizer at ca. 1.3 K,
93.9 GHz and 100mW.

5.5. Dissolution

Dissolution of CMP2 was performed with 4ml of 40mM

phosphate buffer (pH 7.3) containing 100mg/l EDTA. The
sample was collected directly into a 10mm NMR tube with a
final [1,1,2,2‐D4,2‐

13C]choline chloride concentration ranging
between 20 and 46mM. Dissolution of pyruvate was performed
with 4ml of 40mM phosphate buffer (pH 7.3) containing
100mg/l EDTA, with the addition of sodium hydroxide from a
concentrated solution to compensate for the acid content. The
transfer time was ca. 20 s, measured as the time between
dissolution and the first pulse taken in the spectrometer.

5.6. Enhancement factor calculation

The calculation of the enhancement and percentage polariza-
tion in solution was performed by dividing the hyperpolarized
signal (single scan, 5º pulse) by the thermal equilibrium signal of
the same sample and considering that the thermal polarization
according to the Boltzmann distribution at the specific field and
temperature. For the thermal equilibrium measurement, 70 µl of
Omniscan (0.5 M Gadolinum complex) was added to the sample
to ensure the decay of the hyperpolarized state and to shorten
the T1 to allow for fast averaging. Owing to the low SNR of the
sample at thermal equilibrium, this signal was averaged 512
times using the same acquisition parameters and a repetition
time of 3.5 s. Signal averaging was accounted for in the
enhancement factor calculation.

5.7. Studies in whole blood

A 4ml aliquot of human blood was drawn from a single healthy
subject into a heparinized tube. A 2.8ml aliquot of the blood
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was transferred to a 10mm NMR tube. Next, 300 µl of
hyperpolarized media were added to the tube, it was gently
mixed and quickly placed in a 14.1 T spectrometer. A decay
curve was recorded from a series of 5° pulses with a delay of 3 s
in between.

5.8. Synthesis of [1,1,2,2‐D4, 2‐
13C]acetylcholine

Forty units of carnitine acetyltransferase were dissolved in 60mM

TRIS buffer containing 5mM Acetyl CoA in a 5mm NMR tube.
[1,1,2,2‐D4, 2‐13C]choline chloride (5mM) was added to the
reaction mixture, and the tube was gently mixed and left
overnight at 37 °C. A mixture of [1,1,2,2‐D4, 2‐

13C]choline and
[1,1,2,2‐D4, 2‐

13C]acetylcholine was expected as this enzyme is
known to catalyze an equilibrium between L‐carnitine and
acetyl‐L‐carnitine.
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