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Purpose: To assess the feasibility of choline MRI using a
new choline molecular probe for dynamic nuclear polarization (DNP) hyperpolarized MRI.

may provide a new investigatory dimension for kidney
physiology.
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Materials and Methods: Male Sprague-Dawley rats with
an average weight of 400 6 20 g (n ¼ 5), were anesthetized
and injection tubing was placed in the tail vein. [1,1,2,2D4, 1-13C]choline chloride (CMP1) was hyperpolarized by
DNP and injected into rats at doses ranging from 12.6 to
50.0 mg/kg. Coronal projection 13C imaging was performed on a 3 Tesla clinical MRI scanner (bore size 60
cm) using a variable flip angle gradient echo sequence.
Images were acquired 15 to 45 s after the start of bolus
injection. Signal intensities in regions of interest were
determined at each time point and compared.

CHOLINE IS AN essential nutrient that is found at the
metabolic crossroad of lipid synthesis, one carbon
metabolism, and neurotransmitter metabolism. (1)
Because it is an essential component in cell membrane synthesis, choline is important in cell cycle progression, proliferation, and apoptosis, processes that
are disturbed in malignant cells and tumors. (2) Positron emission tomography (PET) imaging of choline
has been shown to be highly specific in the detection
of hepatocellular carcinoma, (3) prostate cancer, (4)
breast cancer, (5) and gynecologic tumors. (6)
Choline uptake by the kidneys is a physiological
process that has important implications, such as (i)
the ability to recruit compounds that are converted to
kidney osmolytes (betaine and glycerophosphocholine)
(7) and thereby offer protection against various stress
factors, and (ii) the ability to protect the subject from
cholinergic intoxication.
The clinical implications of the ability to image choline uptake in kidneys are potentially important, and
could include the ability to provide quantitative measurement of each kidney function individually and
noninvasively. For this reason, the ability to monitor
and quantify choline uptake in the kidney is likely to
provide a new, noninvasive tool for investigating
important factors related to kidney physiology.
Based on prior studies, the rate of choline uptake in
healthy kidneys is likely comparable to the rate in
cancer cells: A kidney uptake mechanism with a Km
of 80–155 mM and a Vmax of 71 pmol/mL water cell/
min was previously reported. (8) Assuming the kidney
contains approximately 85% water, this rate can be
expressed as ca. 61 nmol/min/g. In breast cancer

Results: 13C MRI images of hyperpolarized CMP1 at a
50 mg/kg dose showed time-dependent organ distribution
patterns. At 15 s, high intensities were observed in the
inferior vena cava, heart, aorta, and kidneys. At 30 s,
most of the signal intensity was localized to the kidneys.
These distribution patterns were reproduced using 12.6
and 25 mg/kg doses. At 45 s, only signal in the kidneys
was detected.
Conclusion: Hyperpolarized choline imaging with MRI is
feasible using a stable-isotope labeled choline analog
(CMP1). Nonradioactive imaging of choline accumulation
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cells, a maximal choline uptake rate of 20 nmol/mg
protein/h was previously described. (9) The amount of
protein in these cells was 220 pg protein/cell. Therefore, taking into account ca. 109 cells per 1 g of tumor
tissue, the maximal rate of choline transport in breast
cancer is estimated to be ca. 73 nmol/min/g, which
is similar to the uptake rate reported in the kidney.
Thus, in the process of developing an MRI choline
molecular probe that can demonstrate tissue choline
uptake, a proof of principle in healthy rat kidneys
may provide an indication for the feasibility of this
approach for imaging choline uptake in cancer tumors
as well.
Recent advances in hyperpolarized MRI (10) have
enabled in vivo observation of signal from 15N and 13C
labeled small compounds at 3–4 orders of magnitude
above thermal equilibrium signal-to-noise ratio. (11)
The spin-lattice relaxation time (T1) of the reporting
nucleus in the molecular probe limits the temporal
window at which hyperpolarized MRI images can be
acquired. Normally, MR images or spectra of a hyperpolarized compound will be acquired within approximately three times the T1 of the reporting nucleus.
15
N-choline has a favorable T1 (ca. 2 min) for hyperpolarized imaging. (12) However, 15N transmission and
RF circuits are not available on most clinical scanners. Deuteration of the methylene positions in the
choline molecule was previously shown to lead to T1
prolongation of these methylene carbon positions (ca.

1 min at 37 C and 7T) (13) which consequently
13
enabled
C-MR studies of hyperpolarized choline.
(14,15) Most hyperpolarized MR studies of choline
have focused on the metabolic fates of hyperpolarized
choline in vitro. (14–16) Here, the metabolic fate of
the choline molecular probe was not of interest per se;
instead the aim was to illustrate that a hyperpolarized
choline probe could be reliably detected in vivo. Thus,
the aim of this study was to test the feasibility of
imaging a carbon-13 enriched choline molecular
probe using hyperpolarized MRI.

MATERIALS AND METHODS
Materials
[1,1,2,2-D4, 1-13C]choline chloride (CMP1) was contributed by BrainWatch Ltd. (BW-41, BrainWatch
Ltd., Tel-Aviv, Israel). Trityl free radical (OX063) was
obtained from GE Healthcare, (London, UK). ProHance was purchased from Bracco Diagnostics Inc.
(USA). Atropine was obtained from Sigma-Aldrich
(Canada).
Animals
All studies were performed under a protocol approved
by the local institution’s Animal Care and Use Committee. Male Sprague-Dawley rats, 400 6 20 g (n ¼ 5)
(corresponding to an average age of approximately 14
weeks (17)), were acclimated for a week before the
study. The rats were fed ad libitum. Anesthesia was
induced with 5 % isoflurane and maintained with 1.5
to 2.5 % isoflurane. Fifteen minutes before choline
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injection, the rats were given atropine intravenously
at a dose of 1 mg/kg to avoid adverse cholinergic
effects. Hyperpolarized media were injected by means
of a tail vein catheter prewashed with heparinized
saline, in a 12 s bolus (2.5 mL) for each experiment.
The injected CMP1 dose was 12.6, 25.0, 40.0, or 50.0
mg/kg. Following the hyperpolarized studies, the rats
were killed by isoflurane overdose and intravenous
injection of potassium chloride.
Hyperpolarization and Dissolution
A typical composition of the polarization solution consisted of: CMP1 (27.3 mg, 0.189 mmol) mixed with
7.1 mg of an aqueous solution of OX063 (61 mM) and
ProHance (2.9 mM). The contrast agent ProHance was
added to the preparation as it was previously shown
that the addition of a Gd-complex to the solid-state
preparation increases the polarization level reached at
3.35T. (18) Because different Gd-complexes may differ
in their effect on specific probes, (19) ProHance was
used here for consistency with the hyperpolarization
protocol for choline chloride that was previously found
beneficial. (13–15,20) The polarization solution was
hyperpolarized in a dissolution DNP polarizer (Hypersense, Oxford Instruments, Abingdon, UK) at 1.4 K,
94.1 GHz, and 50 mW. Polarization build-up data are
provided in the Supplementary Information, which is
available online.
Dissolution was performed in 4 mL of dissolution
medium containing sodium chloride and 100 mg/liter
EDTA. The amount of CMP1 in the polarization solution was calculated to provide the intended CMP1
dose (12.6, 25, or 50 mg/kg) when 2.5 mL out of
4 mL of a hyperpolarized CMP1 solution (the dissolution medium containing the hyperpolarized CMP1)
was injected into a specific rat (with a specific weight).
Thus, the amount of CMP1 was calculated per animal
per dose. The amount of sodium chloride in the dissolution medium was calculated to complement the final
CMP1 concentration in the hyperpolarized CMP1 solution to obtain 300 mOsm. A 2.5 mL volume of the
12.6, 25, or 50 mg/kg hyperpolarized CMP1 solutions
was administered to the rats by means of tail vein
bolus injection, starting 20–25 s after the start of
dissolution.
Determination of T1 for CMP1 at 3 Tesla
T1 measurements in a hyperpolarized state consisted
of recording the decay curve of the hyperpolarized signal at a temporal resolution of 1 s. The effect of radio
frequency (RF) pulsation (u ¼ 10 ) on the decay rate
was taken into account using a point-by-point correction of the data by a factor of 1/cos(u). These corrected intensity data were analyzed using the
standard decay equation, i.e., St ¼ Si * exp(-t/T1),
where St is the signal at each time point, t, (corrected
for the effect of flip angle of the preceding pulse), and
Si is the signal in the 1st spectrum (i.e., before pulsation and T1 decay during the measurement. The flip

angle of 10 was chosen to provide sufficient signal for
analysis of single spectra yet use only a small portion
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of the polarization per transient, to allow monitoring
of the decay curve at high temporal resolution. Curve
fitting was carried out using Matlab software (The
MathWorks Inc., Natick, MA).

MR Imaging
MRI was performed in a 3 Tesla (T) clinical MRI scanner (Discovery MR 750, GE Healthcare, Waukesha,
WI), equipped with a transmit/receive birdcage
13
C RF coil (85 mm diameter, 120 mm long, 8 rung,
low-pass with less than 20% variation in B1 over a
central region 50 mm in diameter by 80 mm long) and
a custom built transmit/receive 1H surface coil
(70 mm long, 50 mm wide) that fits within the 13C
coil. The animal was placed in a supine position at
the center of the 13C coil and the proton coil was centered underneath its abdomen. Proton T1-weighted
images were acquired for anatomical localization. Variations in anatomical coverage resulted from variations in positioning of the rat with respect to the
proton RF coil.
Coronal projection 13C imaging was performed
using a variable flip angle gradient echo sequence(21)
with the following acquisition parameters: acquisition
time 1 s, 200 ms nonselective RF hard pulse, repetition time (TR) 17.7 ms, echo time (TE) 8.9 ms, readout
bandwidth 6 2.0 kHz, centric phase encoding, matrix
size 64  64, field-of-view (FOV) 200  200 mm. The
variable flip angle scheme was designed to consume
99% of the polarization by the end of the acquisition.
Images were acquired 15, 30, or 45 s after the start of
the bolus injection of the hyperpolarized CMP1 solution. Up to three injections of hyperpolarized CMP1
were performed in each animal. For each injection, a
single CMP1 dose was used and one image was
acquired at a single time point.
Regions of interest (ROIs) were drawn in the heart,
liver, and kidneys (T.W., 10 years of experience). The
signal intensities in these ROIs, in the images
recorded at various times after injection of various
choline doses were assessed and compared.

RESULTS
Hyperpolarized CMP1 imaging in anesthetized rats
showed the distribution of CMP1 in the vasculature,
heart, kidneys, and liver (Fig. 1). The head, neck, and
tail were outside the field-of-view and the sensitive
region of the 13C RF coil. 13C signal distribution
depended on the time between the start of the bolus
injection and the image recording, whereas the duration of the bolus injection was 12 s. The signal
observed at 15 s showed high intensity in the inferior
vena cava, heart, aorta, and kidneys, and low intensity in the liver (Figs. 1a, 2a). At 30 s, the heart and
vasculature signal were greatly reduced, the kidney
signal increased, and the liver remained low (Figs. 1b,
2a). A second image from a different rat, recorded at
the same time and dose (Fig. 1e), demonstrated a similar image pattern. The signal characteristics of the
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two images were analyzed (Fig. 2b) and found
comparable.
It should be noted that because each image was
acquired following a separate hyperpolarized CMP1
bolus, image intensities were not normalized to the
polarization of the substrate in solution and image
intensities are reported in arbitrary raw data units.
Nevertheless, polarization in the solid state (determined in arbitrary polarizer units) were similar from
one polarization to another (per dose) and images of
different rats acquired under similar conditions
yielded similar intensities.
A typical image acquired 45 s after injection is
shown in Figure 1c. The 13C signal in the kidneys at
this time point was higher in intensity than the signal
at any other location, but 57 % lower (in arbitrary signal units, Fig. 2a) than the signal at 30 s.
The dose effect in CMP1 studies was explored using
two tests. In the first test, image acquisition was at
15 s from the start of the CMP1 injection and the
dose was 12.6 mg/kg (Fig. 1f), roughly one fourth of
the 50 mg/kg dose described above (Fig. 1d). At the
lower dose, the signal was again observed in the inferior vena cava, heart, aorta, and kidneys, and at low
intensity in the liver. However, while the high dose
injection produced a kidney signal that was 1.5-fold
higher than signal in the heart, signal intensities in
the kidneys and heart were similar in the low dose
study, with mean kidney-to-heart signal ratio of 0.9
(n ¼ 1) (Fig. 2c).
In the second test, image acquisition was at 30 s,
with a CMP1 dose of 25 mg/kg, half the original dose
(Fig. 1g). Signal distribution features at this time point
were similar at 50 and 25 mg/kg; the kidney signal
predominated and the liver signal was lower but visible. The kidney-to-liver signal intensity ratio was 2.4
(n ¼ 2) at 25 mg/kg and 3.8 (n ¼ 1) at 50 mg/kg.

DISCUSSION
We have shown here for the first time, images of choline distribution in real-time using a noninvasive,
radiation-free imaging modality. Hyperpolarized choline imaging was found to be tissue specific and to
vary with time.
An increase in the absolute 13C signal intensity in
the kidney was observed at 30 s compared with 15 s
after the onset of the bolus injection. This increase in
signal over time was surprising and counter intuitive
as one would expect a T1 relaxation-induced signal
decrease. A possible explanation for the higher signal
intensity in the kidneys at 30 s is the choline transport mechanism efficiency in the kidney, leading to a
higher actual level of hyperpolarized choline in the
kidney at 30 s versus 15 s. Additional choline signal
observed in the kidney at 30 s has likely not arrived
at the kidneys at 15 s. At 15 s, some of the choline
was still in the heart and main vessels, and a part
may have lingered in the tail vein after injection.
A decrease in the 13C signal intensity in the kidney
was observed at 45 s compared with 30 s. Assuming
the polarization of the substrate and its uptake rate
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Figure 1. 13C MRI body images of rats injected with hyperpolarized [1,1,2,2-D4, 1-13C]choline chloride (CMP1). The signal in
these images represents the total 13C signal. Variations in signal distribution are shown at various time points from the start
of the bolus and following various CMP1 doses. Color hyperpolarized projection images are digitally fused to proton images
from the same rat to confirm the anatomical locations of the 13C signal. The color scales represent relative arbitrary linearly
distributed 13C intensity units for the hyperpolarized images. Relative intensities within and between the color images can be
compared based on the corresponding value in the color scale. Each image is presented with the optimal viewing window for
demonstration of the temporal and dose effects discussed in the text. Image aywas recorded 15 s after bolus initiation with a
dose of 50 mg/kg in rat #1. Image b was recorded 30 s after bolus initiation with a dose of 50 mg/kg in rat #2. Image c was
recorded 45 s after bolus initiation with a dose of 40 mg/kg in rat #3. Image d was recorded 15 s after bolus initiation with a
dose of 50 mg/kg in rat #1. This is the same image as in a, presented with a different viewing window for ease of visual comparison. Image e was recorded 30 s after bolus initiation with a dose of 50 mg/kg in rat #4. Image f was recorded 15 s after
bolus initiation with a dose of 12.6 mg/kg in rat #5. Image g was recorded 30 s after bolus initiation with a dose of 25 mg/kg
in rat #5. The bolus volume and duration were ca. 2.5 mL and 12 s, respectively, for all injections. CMP1 was administered
by means of the tail vein. Image recording time was 1 s. The head and tail regions were outside the field-of-view for both the
1
H and 13C RF coils. yThe kidneys, inferior vena cava, heart, and liver region are marked with white, orange, green, and yellow arrows, respectively.
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Figure 2. Signal intensity in kidney, heart, and liver on 13C
MRI body images of rats injected with hyperpolarized CMP1.
a: Temporal behavior of the hyperpolarized signal in the kidney, heart, and liver following injection of a high CMP1 dose
injection. The maximal relative intensities are shown and
correspond to Figures 1a, 1b, and 1c. Lines connecting the
various time points are drawn for visualization of general
trends. b: Reproducibility of signal intensities in 2 images
acquired in two different rats, both injected with a dose of 25
mg/kg and imaged 30 s after the start of injection. Raw signal intensities in arbitrary units are presented as mean6 standard deviation of the signal in the region of interest
drawn in each organ. c: Organ distribution of hyperpolarized
CMP1 at 15 s after the start of injection of 12.6 and 50 mg/
kg. These relative and raw signal intensities in this figure
were not manipulated and specifically were not corrected for
polarization or relaxation.

were the same for these two experiments, we may
assume that this decrease in arbitrary signal units
represents an actual decrease in the signal intensity
in the kidneys (rather than a decrease in choline content). Considering a signal decrease due to T1 relaxation during the 15 s delay in image acquisition as well
as the lower, inadvertent, CMP1 dose used in the
image acquired at 45 s, the expected signal decrease
is 60%, which agrees with the experimental result
(57%).
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This type of analyses demonstrated the potentially
direct and quantitative nature of hyperpolarized choline imaging.
By varying the injected dose of hyperpolarized
CMP1 we showed that kidney-to-heart signal ratio,
determined 15 s after the start of injection (3 seconds
after the end of bolus injection), was 1.7-fold higher
in a 50 mg/kg dose compared with a dose approximately fourfold lower. This finding suggested that the
kidney accumulated more choline at the higher dose.
By reducing the injected hyperpolarized CMP1 dose
twofold and imaging later in time, at 30 s, the kidneyto-liver signal ratio was found to decrease. This signal
ratio was 1.6-fold higher in a 50 mg/kg dose compared with the lower dose. This finding also suggested
higher accumulation of CMP1 in the kidney at the
higher dose. This initial investigation into the time
and dose dependent characteristics of hyperpolarized
CMP1 imaging in the kidney suggested that hyperpolarized choline MRI may enable assessment of kidney
function.
Although the liver is known for its ability to accumulate choline, (22,23) only a low label level was
observed in the liver. In a PET study that used
11
C-enriched choline, liver accumulation was not
observed until approximately 5 min after choline
injection, with a gradual increase until maximum signal intensity was seen at approximately 35 min after
injection. (24) These time frames (5–35 min) are
clearly not attainable with hyperpolarized CMP1 due
to the relatively fast decay of hyperpolarized media (T1

39 s in blood at 37 C and 14.1T, (14) and up to 70 s
for 13C in general, comparable to observation windows
of 2–3.5 min), compared with ca. 20 min 11C half-life.
Further studies may aid in characterizing the time
course for hyperpolarized CMP1 uptake in the liver. In
the current study, the relatively low liver signal disappeared by 45 s, most likely due to T1 relaxation.
Kidney and liver signal accumulation is in general
agreement with kinetic rate constants for choline
uptake that were previously determined in these
organs. As described in the introduction, the kidney
maximal choline uptake rate is approximately 61
nmol/min/g. In rat liver cells, an uptake mechanism
with a Km of 340 mM and a Vmax of 0.45 nmol/mg protein/15 s was reported.(25) Using a previously determined conversion factor of 21 mg protein/g
tissue,(26) the choline uptake Vmax in the liver can be
expressed as 38 nmol/min/g. Thus the maximal rate
of choline uptake in the liver is two-thirds that of the
kidney, and the affinity of the liver choline transport
system is approximately twofold lower.
Km values in the kidney and liver represent the
availability of intermediate- and low-affinity choline
transporters in various tissues (27); other choline
transporters can be found in the blood-brain barrier,
cancer cells (low to medium affinity), (9,28,29) and
cholinergic neurons (high affinity). From the above
kinetic rate constants in the kidney and liver, it would
appear that at normal physiological concentrations of
choline (between 10 and 100 mM) as well as at the
high doses used here in the hyperpolarized studies
(estimated initial level in the blood > 1 mM), choline
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uptake would occur primarily in the kidney, where
hyperpolarized CMP1 levels would be roughly twice
those of the liver. The findings in our experiments are
consistent with these expectations; the kidney-to-liver
signal ratio was 2.4 at 30 s following a 25 mg/kg
injection. The 1.6 higher kidney-to-liver signal ratio
following a 50 mg/kg dose may indicate the observation of kidney choline uptake mechanisms in vivo that
are of higher efficiency than previously reported.
CMP1 signal was observed in the heart 15 s after the
start of injection; however, this signal appears to represent hyperpolarized CMP1 in blood and not myocardial
uptake, because it is much reduced at 30 s and disappears at 45 s, along with the CMP1 signal in the major
blood vessels. We note that heart anatomy cannot be
discerned in these images because the imaging time
(1s) averaged approximately six heart beats.
CMP1 is labeled with four deuterium atoms. Chemically, deuterium behaves similarly to ordinary hydrogen. However, for compounds of heavy hydrogen
isotopes there are differences in bond energy and length
that are larger than the isotopic differences in any other
element. Deuterium-carbon bonds are somewhat stronger than corresponding hydrogen bonds, and these differences may lead to changes in specific biological
reactions. Interestingly, the same deuteration strategy
used in CMP1 was recently described for a radioactive
PET-choline agent - [18F]fluoro-[1,2-2H4]choline. (30)
With this choline analog, uptake profiles revealed
reduced uptake in the heart, lung, and liver for deuterated choline analogs. These findings appear similar to
the pattern observed in the current study, with heart
and lung uptake undetected and liver uptake low,
although in line with the previous cellular characterization described above in terms of maximal rates.
It was previously shown for a similar choline molecular
probe, [1,1,2,2-D4, 2-13C]choline chloride (CMP2), that
changes in magnetic field strength had little or no effect
on the T1 of the labeled 13C position. (14) In addition, at
14.1T there was only a 17% shortening in T1 in whole
blood compared with an isotonic solution. (14) It was,
therefore, concluded that a lower limit for CMP2 T1 in
vivo (in blood) would be 39 s. The current measurement
of CMP1 T1 in solution at 3T showed a slightly lower
value than expected (30 s, Supplementary Information).
Nevertheless, the feasibility of using this molecular probe
for hyperpolarized MRI imaging has been demonstrated.
In the past decade, radioactively labeled choline
analogs (11C-choline and 18F-choline) have been used
to track and identify tumors using PET. (31) While
PET has high sensitivity and spatial resolution for
cancer imaging, hyperpolarized 13C-choline MRI has
the potential to provide additional information such
as the ability to inspect rapid uptake of choline. In
addition, hyperpolarized MRI has the potential to provide information regarding metabolic fluxes through
observation of the metabolic by-products of choline.
The hyperpolarized 13C-choline method provides complementary information to PET and may offer an
alternative to PET where the use of ionizing radiation
cannot be justified, for example in some populations
(e.g., pregnant women, children) and in repeated
studies.
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We note that neither urinary bladder nor urine were
labeled during the time frame during which signal was
observed in the kidneys. This is an important consideration if CMP1 is to be used for studies of prostatic cancer, as signal from the bladder and/or urine may mask
the choline signal in the proximal prostate.
Choline chloride is toxic at high doses as a potentially
acute cholinergic intoxication agent. Previous investigation showed no toxic effects in mice in doses up to 21.5
mg/kg but did find toxic effects at a dose of 53 mg/kg.
(32) For this reason, the rats in the current study were
given atropine—to protect them from acute cholinergic
intoxication. Further study of choline chloride toxicity is
required. In addition, development of less toxic derivatives of choline such as CDP-choline (32) for hyperpolarized MRI may be warranted as well.
This study had several limitations: (i) projection
images were acquired rather than slice selective
acquisitions. Slice selective and 3D total 13C imaging
of hyperpolarized substrates is under development; (ii)
the images did not cover the entire animal and thus
important information on choline uptake in the head
and neck region is missing. 13C RF coils with larger
coverage are under development in our group for this
purpose; (iii) only one carbon position in the choline
molecular probe was labeled with 13C. Choline contains five carbon positions and thus a fully 13C labeled,
fully deuterated choline molecular probe may have
provided higher imaging signal. This strategy was
recently used for obtaining the first nonradioactive
images of glucose distribution in vivo, (33) where we
used a fully 13C labeled, fully deuterated glucose analog. Thus, further studies with such a choline analog
are warranted, but would require custom synthesis of
this choline analog as it is not available commercially.
In conclusion, imaging of hyperpolarized choline in
vivo is feasible. Based on the findings presented here,
it is shown that choline uptake by the kidney may be
quantified and it is possible that the results described
here may be relevant for cancer imaging as well. The
ability to image hyperpolarized choline by MRI is promising as an extension to 11C- or 18F-choline-PET.
Future studies will determine if the hyperpolarized
choline approach will indeed prove useful in preclinical
models of disease and then in clinical investigations.
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