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This article describes the basic physics of dissolution
dynamic nuclear polarization (dissolution-DNP), and the
impact of the resulting highly nonequilibrium spin states,
on the physics of magnetic resonance imaging (MRI)
detection. The hardware requirements for clinical transla-
tion of this technology are also presented. For studies
that allow the use of externally administered agents, hy-
perpolarization offers a way to overcome normal magnetic
resonance sensitivity limitations, at least for a brief T1-de-
pendent observation window. A 10,000–100,000-fold
signal-to-noise advantage provides an avenue for real-
time measurement of perfusion, metabolite transport,
exchange, and metabolism. The principles behind these
measurements, as well as the choice of agent, and pro-
gress toward the application of hyperpolarized 13C meta-
bolic imaging in oncology, cardiology, and neurology are
reviewed.
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HYPERPOLARIZED 13C magnetic resonance spectro-
scopic imaging (MRSI) has recently progressed beyond
a substantial number of very exciting preclinical stud-
ies, into man (1). The goal of this article is to intro-
duce the basic principles and progress that have been
made toward the clinical application of hyperpolarized
13C using dissolution dynamic nuclear polarization
(DNP). Topics include the significant contributions to
the science of dissolution-DNP, rapid multinuclear
spectroscopic imaging methods, and animal model
work targeted at a wide variety of potential
indications.

In MR, hyperpolarization indicates that the polariza-
tion is no longer determined by the static magnetic
field of the scanner. The enhanced polarization of the
agent is created outside the imaging system by means
of a polarizer. Hyperpolarization can be based on sev-
eral principles (2–4). One such is the dissolution-DNP
method that has been very successful over the past 5–
10 years in terms of making solutions of biologically
interesting molecules with highly polarized nuclear
spins. The method takes advantage of DNP in the
solid state followed by rapid dissolution in a suitable
solvent (2–4). The polarization is retained almost com-
pletely in the dissolution step, creating a solution
with a nonthermal nuclear polarization approaching
unity.

To take advantage of a hyperpolarized liquid state
solution requires rapid transfer into the subject, as
illustrated in Fig. 1, followed by efficient and rapid
13C spectroscopic imaging sequences.

Hyperpolarization by the Dissolution-DNP Method

DNP was first described theoretically by Overhauser
in 1953 (5), and a few months later demonstrated by
Carver and Slichter (6) in metallic lithium. Overhauser
predicted that saturating the conduction electrons of
a metal would lead to a dynamic polarization of the

nuclear spins. This was a fundamental discovery
causing disbelief at the time: that heating of one spin
system could lead to the cooling of another. The pre-
diction by Overhauser for metals was extended to
electron spins in solution by Abragam (7), and most
nuclear magnetic resonance (NMR) spectroscopists
are today familiar with the nuclear and electronic
Overhauser effect. However, this effect is limited to
solutions where relaxation processes couple the spin
systems via molecular motions. Soon after, the Solid
Effect was described for spins in the solid state
coupled by dipolar interactions (8). Later, DNP in the
solid state was extended mechanistically to processes
involving several electron spins (thermal mixing) (9).
The theory of DNP in the solid state, however, has
failed to provide a quantitative description of the gen-
eral case. In the solid state, the high electron spin
polarization is in part transferred to the nuclear spins
by microwave irradiation close to the resonance fre-
quency of the electron spin. The efficiency of this pro-
cess depends on several parameters characterizing
the various spin systems, but also on technical fac-
tors such as microwave frequency and power.

DNP has mainly been applied to the generation of
polarized targets for neutron scattering experiments,
and it has been demonstrated that the nuclear polar-
izations of 1H and 13C could be increased to almost
100% and to �50%, respectively, in the solid state by
means of DNP at low temperature (10,11). The mecha-
nism requires the presence of unpaired electrons
(electron paramagnetic agent; EPA), which are added
to the sample as, for example, an organic radical. The
magnetic moment of the electron is 658 times higher
than that of the proton. This means that the electron
spin will reach unity polarization at a moderate mag-
netic field strength and liquid helium temperature. At,
eg, 3.35 T and 1 K the electron spin polarization is
98%.

DNP Sample Preparation

The first step of hyperpolarizing a new molecule by
the dissolution-DNP method is to add unpaired elec-
tron spins to the sample. Unpaired electron spins
with well-defined properties are most conveniently
provided by chemical doping. In order for the DNP
process to be effective, the EPA agent must be homo-
geneously distributed within the sample. Many mole-
cules will be crystalline, or have a tendency to crystal-
lize as saturated aqueous solutions. This will cause
the EPA to concentrate in domains and lead to a poor
DNP effect. To prevent this, the sample should stay
amorphous when frozen to ensure homogenous distri-
bution of the EPA. Three examples of molecules that
are liquids at room temperature and stay amorphous
when frozen without additives are [1-13C]pyruvic acid
(or any other isotopic labeling), 2-keto-[1-13C]isocap-
roic acid, and bis-1,1-(hydroxymethyl)-[1-13C]cyclo-
propane-d8(HP001). All three molecules are liquids at
room temperature and dissolve well a hydrophilic
EPA. For other compounds it is necessary to prevent
crystallization by mixing or dissolving the compound
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in a suitable solvent such as glycerol, or dimethylsulf-
oxide (DMSO) can be used as solvent for the molecule
and the EPA. For in vivo studies it is necessary to be
able to formulate the molecule in a concentrated form
in order to achieve a high concentration of the mole-
cule after dissolution. To give an estimate of the
requirements, a patient dose of 0.1 mmol/kg body
weight can be assumed, requiring �10 mmol of com-
pound, or 1 g with a molecular weight of 100 g/mol.
The consequence is that 30%–50% solubility is
needed in order to keep the sample size reasonable
(see clinical polarizer description). A solvent mixture
with high solubility for the molecule and EPA, pre-
venting sample crystallization and with good in vivo
tolerance therefore has to be chosen. A good example
of a biologically compatible formulation is fumaric
acid (eg, [1,4-13C2, 2,3-D2]fumaric acid) in DMSO.
DMSO is a widely used solvent for pharmaceuticals
and has a good safety profile (12). It will, however,
crystallize when frozen (dry DMSO; melting point
16�C). However, this does not prevent the use of
DMSO as solvent for fumaric acid. As saturated solu-
tion with a molarity of 3.6 mol/L or 1:1.8 by weight,
the solution forms an amorphous solid when frozen.
When using DMSO as a glassing agent, care should
be taken to ensure the DMSO stays dry (hygroscopic),
as small amounts of water will decrease solubility and
increase supersaturation.

Another means of improving the solubility involves
changing the counterion of salts. Solubility typically
increases with increasing size of the counterion, and

two examples of this can be mentioned: The cesium
salt of bicarbonate (CsH13CO3 (13)), and the TRIS salt
of acetate (14). Both of these salts have higher solubil-
ity than their sodium counterpart. Finally, for amino
acids (zwitter ions at neutral pH) it has shown that ei-
ther high or low pH preparations increase the aque-
ous solubility by reducing the charge of the molecule
to a point (15) that no or little glycerol is needed to
form an amorphous sample.

Electron Paramagnetic Agent (EPA)

The source of the unpaired electron is typically an or-
ganic radical, but a few metal ions have been
employed successfully for DNP, Cr(V) in particular
(16). The choice of EPA will depend on a number of
factors. First, the EPA needs to be chemically stable
and dissolve readily in the matrix of interest. Second,
the electron paramagnetic resonance (EPR) spectrum
of the radical should have a width that allows DNP to
be effective for the nucleus of interest, ie, a line width
that exceeds the Larmor frequency of the nuclear spin.
In practice the above criteria mean that two classes of
EPA are available, namely nitroxides (17,18) and tri-
tyls (19–21). The nitroxides belong to a class of mole-
cules that have been studied extensively by EPR, and
which have been used for DNP for many samples.
Nitroxides are characterized by having a broad EPR
spectrum. The EPR line width is 4.0 per mil (%) of the
EPR frequency, compared to the 1H resonance fre-
quency, which is 1.5% of the EPR frequency. Some of

Figure 1. The principle of dissolution-DNP. At room temperature and, eg, 3 T the 13C nuclear spins are only weakly polar-
ized to about 0.00025%, lower right graph. However, an electron spin has a 2700 times stronger magnetic moment and these
spins are easily polarized. When the sample is cooled the electron spin polarization of the EPA can reach almost 100%. By
irradiation with microwaves close to the resonance frequency of the electron spins, electron-nuclear transitions are induced,
and the nuclear spin polarization will be enhanced hundred-fold by DNP, raising the 13C spins to a robust polarization of
over 40%. This process is slow and takes typically 15–60 minutes. When the sample is polarized it can be dissolved in, eg,
heated water or a buffer, and within seconds a room temperature solution of the hyperpolarized molecule is obtained. The
hyperpolarized nuclear spins relax to thermal equilibrium (0.00025%) with a time constant (T1) of typically 40–80 seconds for
carboxylic acids. Therefore the hyperpolarized sample has to be quickly carried to the scanner, injected, and imaged.
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them have reasonable chemical stability and come
with different degrees of hydrophilicity. Another class
of EPA with superior properties for direct polarization
of low gamma nuclei such as 13C, 15N, and 2H is the
trityl. These radicals have a line width that is only
0.80% (22,23) of the resonance frequency, much less
than the proton resonance frequency, but perfectly
matched for 13C, which has a resonance frequency
which is 0.37% of the EPR frequency. The trityls also
exist with a range of hydrophilicities and some of them
are chemically very stable.

It has been shown that gadolinium (Gd) can posi-
tively affect the solid state DNP enhancement (24).
Other paramagnetic ions and molecules (Mn2þ and
O2) can in part have the same effect. The physics is
not yet understood, but Ardenkjaer-Larsen et al (24)
showed that the longitudinal relaxation time of the
EPA is shortened by the presence of the Gd ions. The
effect of adding 1–2 mmol/L Gd3þ is a 50%–100%
improvement of the DNP enhancement factor. The
effect seems to be general to most samples, but has to
be optimized for each sample similarly to the concen-
tration of the EPA. There is no direct DNP effect of the
Gd3þ by itself under the conditions typically used.
Finally, Gd3þ may enhance the solid state polarization
by DNP, but care should be taken in avoiding acceler-
ated relaxation in the liquid state. Free Gd ions would
cause detrimental liquid state relaxation and pose an
in vivo safety risk. After dissolution the low concentra-
tion of radical and chelated Gd will have a negligible
effect on T1 in most cases.

DNP Instrumentation

Most solid-state DNP has been performed at magnetic
fields between 0.35 T (25) and 16.5 T (26,27), and at
temperatures from a few hundred mK to room tem-
perature. At temperatures below a few Kelvin and
magnetic field strengths above a few Tesla, electron
spins are almost fully polarized, and large nuclear
polarizations can be obtained. Unlike solid-state NMR
spectroscopy applications where nonequilibrium
polarizations can be regenerated by repeating the
microwave irradiation and NMR acquisition, the
polarization generated for in vivo applications will
decay irreversibly after dissolution. Hence, the goal is
to generate polarizations close to unity. It is therefore
important to choose initial operating conditions that
have been proven to provide high nuclear polarization,
but are at the same time easily achievable using
standard instrumentation. Temperatures of �1 K can
be achieved by pumping on liquid helium. In the origi-
nal dissolution-DNP polarizer design the liquid helium
was supplied to the sample space through a needle
valve from the magnet cryostat, but in a recent publi-
cation an alternative arrangement that used a sepa-
rate helium dewar was described (28). A magnetic
field strength of 3.35 T was chosen since microwave
sources are readily available at 94 GHz for irradiation
of the electron spin. However, recently it has been
demonstrated that for both nitroxides and trityls a
significant improvement in polarization can be
obtained by increasing the magnetic field strength
(29,30) or lowering the temperature (31). For the

compound [1-13C]pyruvic acid, the 13C polarization
improved from 27% at 3.35 T to 60% at 4.64 T in the
solid state. The literature has been limited and dis-
agrees on the magnetic field dependence of DNP (32).
On the other hand, it has been well established that
lowering the temperature is beneficial for DNP.

Dissolution and Relaxation in the Liquid State

To make the polarized solid sample useful for in vivo
imaging, it needs to be dissolved in a suitable buffer.
Depending on the solid sample preparation the dis-
solution may involve neutralization of the agent with
acid or base. Buffering of the solution may be
required to maintain control of pH within the physio-
logic range of 6.8 to 8.1. Physiological buffers such
as Tris(hydroxymethyl)aminomethane (TRIS) or 4-(2-
hydroxyethyl)piperazine-1-ethanesulfonate (HEPES)
are commonly used. Attention to the tonicity of the
formulation should be paid and close to isotonic is
desired. This may mean lowering the concentration
of solutes after dissolution by dilution or adding so-
dium chloride to the dissolution medium. The disso-
lution has to be efficient and fast compared to the
nuclear T1 in order to preserve the nuclear polariza-
tion in this process. Formulating the solid sample as
beads or powder may improve the dissolution (in
terms of polarization and recovery of the solid sam-
ple), but understanding and optimizing the fluid dy-
namics (33) as well as providing the necessary heat
is essential for optimal performance of more difficult
agents. Relaxation during the dissolution process
can depend on several factors. To minimize relaxa-
tion, dissolution is performed inside the cryostat in
the high field of the polarizer (eg, �3 T in the case of
a 3.35 T polarizer), but above the liquid helium sur-
face. Any paramagnetic ions that could increase the
relaxation rate are chelated by adding, for example,
ethylenedinitrotetraacetic acid (EDTA) to the dissolu-
tion medium, or to the sample. To illustrate the se-
verity of relaxation during dissolution [1-13C]pyruvic
acid (pyruvic acid enriched with 13C to 99% in the
C-1, ie, carboxylic acid, position) is chosen as an
example. This molecule has been well studied with
DNP and has high biological relevance. In Fig. 2 the

Figure 2. Longitudinal relaxation time, T1, as a function of
temperature for neat [1-13C]pyruvic acid with n and without
^ 20 mmol/L trityl.
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T1 of the C-1 of [1-13C]pyruvic acid at 9.4 T is
given as a function of temperature (unpubl. data).
It can be seen that the shortest T1 is �1.6 seconds
at 0�C. With the trityl radical present (20 mmol/L)
there will be an additional (dipolar) relaxation con-
tribution from the electron spin. It can be seen
that the contribution from the trityl is marginal,
but shifts the minimum to a different temperature
(correlation time). According to relaxation theory the
minimum T1 scales with B0, which means that a
minimum T1 of 0.7 seconds should be expected
during the dissolution in the 3 T polarizer field.
The data illustrate that the nuclear spin during the
dissolution should pass through this T1 minimum
on a much faster time scale to avoid a loss of
polarization. The example illustrates that it is not
unreasonable to expect that the loss of polarization
during dissolution can be overcome, but that a fast
and efficient dissolution process is needed. The se-
verity of the problem will depend on the target spin
and sample properties, but several parameters can
be controlled, eg, the distance to other spins (label-
ing position), the abundance of other spins (full or
partial deuteration), and the concentration of the
EPA.

In most cases the EPA or Gd chelate do not cause
significant relaxation after dissolution, and may also
be safe to inject into animals. For preclinical imaging
it is not required to remove the EPA. The same applies
to the Gd chelate in case it is used in the formulation.
However, the solution may undergo a filtration or
chromatography step to remove the EPA involved in
the DNP process. In case a Gd chelate has been
added, this agent may be removed as well. The filtra-
tion can either be in-line with the dissolution process
or a subsequent step. In either case the filtration is
completed in a matter of a few seconds with insignifi-
cant loss of polarization or target molecule (unpubl.
work).

Clinical Polarizer Requirements

Recently a DNP polarizer designed with sterile use
intent was published (31). The key design criteria of
this concept are:

1. To provide a sterile barrier to the product
through a single use fluid path.

2. To eliminate consumption of liquid cryogens.
3. To increase throughput by having four independ-

ent parallel samples.
4. To increase the size of the individual DNP sam-

ples up to 2.0 mL.
5. To automate the operation and remove operator

variability and interventions.
6. To add noncontact quality control (QC).

The above criteria are required for successful clini-
cal translation of hyperpolarization. The future will
reveal if these are adequate and can fulfill regulatory
requirements as well as gain user acceptance. Most
important, it should be emphasized that a sealed ster-
ile fluid path for all components in the polarization
and dissolution process (compounding) provides a
concept that allows filling and sealing at a manufac-
turing site without the need to break this barrier at
any point in the process until the point of product
release by the QC system. Second, it has been demon-
strated that a closed-cycle, sorption pump based cryo-
genic system served by a cryo-cooler was able to
achieve a base temperature of less than 0.8 K. The
lower temperature translated directly into a higher
solid state polarization. Thus, the authors reached a
solid state polarization of 35%–40% at 0.8 K and 3.35
T.

Dissolution-DNP Agents

Of the growing list of agents investigated in vivo using
this method (Table 1), the most studied is

Table 1

Dissolution-DNP Compounds (97–106)

Agent Products Ref.

[1-13C]pyruvate [1-13C]lactate, [1-13C]alanine, [13C] bicarbonate, 13CO2 41

[2-13C]pyruvate [2-13C]lactate, [2-13C]alanine, [1-13C]acetyl-carnitine,

[1-13C]citrate, [5-13C]glutamate

92,95

[1,2-13C2]pyruvate [1,2-13C2]lactate, [1,2-13C2]alanine, [1-13C]acetyl-carnitine,

[1-13C]citrate, [5-13C]glutamate, [13C]bicarbonate, 13CO2

100

[1-13C]lactate [1-13C]pyruvate, [1-13C]alanine, [13C] bicarbonate, 13CO2 101

13C-bicarbonate 13CO2 13

[1,4-13C2]fumarate [1,4-13C2]malate 85

[1-13C]acetyl-methionine [1-13C]methionine 102

[2-13C]fructose [1-13C]fructose-6-phosphate 103

[5-13C]glutamine [5-13C]glutamate 107

[1-13C]ethylpyruvate [1-13C]pyruvate, [1-13C]lactate, [1-13C]alanine,

[13C] bicarbonate, 13CO2

93

[1,1’-13C2]acetic anhydride Multiple depending on reactant 104

[1-13C]acetate [1-13C]acetylcarnitine 109

13C Urea None 105

bis-1,1-(hydroxymethyl)-[1-13C]cyclopropane-d8 HP001 None 108

a-keto-[1-13C]isocaproate [1-13C]leucine 83

[1-13C]dehydro ascorbic acid [1-13C]ascorbic acid 97,98

[1-13C]alanine [1-13C]lactate, [1-13C]pyruvate, [13C]bicarbonate 106
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[1-13C]pyruvate. This agent has shown great utility in
oncology, as exemplified by studies showing correla-
tions with disease progression (34) and early response
to therapy (35). Research in cardiology (36) and brain
(37) have also shown promise. [1-13]pyruvate was also
the first agent to be used in a human study of hyper-
polarized metabolic imaging (1). This molecule illus-
trates a number of important features of an ideal
agent for hyperpolarized metabolic imaging. First, as
pyruvic acid, it is a liquid at room temperature and
can directly solubilize enough EPA (15 mM trityl) for
relatively fast polarization build-up (time constant of
�15 min at 1.4 K and 3.35 T), and relatively high
polarization (>20%). The high concentration inherent
in the choice of a neat liquid (�14 M for pyruvic acid)
also yields a relatively high concentration after disso-
lution. As a result, this agent can be injected safely at
250 mM, in doses up to 0.43 mL/kg.

MNS Hardware

Standard clinical MR systems and coils are designed
to transmit and receive radiofrequency (RF) signals at
1H resonance frequency only. However, multinuclear
spectroscopy (MNS) packages are available from most
manufacturers of whole-body MR scanners. This
option allows the system to perform MR experiments
on nonproton nuclei of interest such as 13C and 15N
(for simplicity, the remainder of this section focuses
on hardware required for 13C studies). An MNS pack-
age typically includes a broadband RF power ampli-
fier, in addition to the standard 1H narrowband ampli-
fier, that amplifies the RF pulse waveforms to give
them enough power through a transmit RF coil to cre-
ate the necessary B1 field at the resonance frequency
of the nucleus of interest. This transmit RF coil could
be a dedicated coil tuned to the resonance frequency
for 13C. The 13C coil can be designed to perform both
RF transmission and reception for 13C, or designed to
perform RF transmission only with a separate coil(s)
for RF reception, also tuned to the 13C resonance fre-
quency. Whether the reception of the MR signal is
performed by a dedicated RF receive coil(s) or by a
transmit/receive coil, the signal is amplified by a pre-
amplifier prior to digitization, processing, and image
reconstruction. The preamplifiers typically work at a
narrow range of frequencies and can be built into the
MR scanner or into the RF coil, with one preamplifier
generally required for each receive channel. Thus, to
perform 13C experiments, dedicated preamplifiers that
operate at the 13C frequency need to be either added
to the system or built into the 13C coils.

Since it is desirable to perform both 1H anatomical
imaging and hyperpolarized 13C metabolic imaging
during the same exam without repositioning the sub-
ject, the 13C RF coil design and setup need to preserve
the ability to perform 1H imaging with a minimal com-
promise of image quality. Volume coils that can oper-
ate at both 1H and 13C frequencies (dual-tuned) have
been demonstrated for preclinical hyperpolarized 13C
imaging (34,38). The coil configuration and design
can be further optimized for imaging a particular
organ/anatomy. For example, in the first proof-of-con-

cept clinical trial of hyperpolarized 13C metabolic
imaging in prostate cancer patients, a 13C transmit-
only volume coil built into a custom patient table was
used in conjunction with a receive-only endorectal
coil that contained both a 13C and a 1H element for
signal reception and the system body coil was used
for 1H RF transmission during 1H imaging (39). A
multichannel 13C receive-only array coil suited for
other human applications has also been demon-
strated recently (40). Regardless of the coil design and
combination, the MR system needs to be configured
so that the correct coils/channels are active or dis-
abled during specific periods of the scans to avoid sig-
nal degradation due to coupling. The gradient coils
existing on all MR scanners to provide spatially vary-
ing magnetic fields to allow localization of RF signals
can be used for 13C imaging without any hardware
modification. However, it is important to note that for
a given magnetic field gradient the spatial variation in
resonance frequency experienced by the nucleus is
proportional to its gyromagnetic ratio. Thus, the high-
est spatial resolution achievable for 13C imaging is
approximately one-fourth that of 1H under the same
imaging conditions; the designs and implementations
of RF pulse sequences for 13C imaging need to take
this limitation into consideration. It is possible to cir-
cumvent the low gyromagnetic ratio limitation by
transferring the 13C or 15N magnetization to neighbor-
ing 1H nuclei for detection (41,42). But simultaneous
RF transmission at both 1H and the low g nucleus fre-
quencies is required for the polarization transfer pulse
sequence, and this capability may not be available on
some clinical MR systems even with MNS package
installed.

Nonrecoverable Magnetization

The magnetization of hyperpolarized 13C substrate is
largely enhanced in the DNP polarizer. After dissolu-
tion, the liquid state polarization currently achievable
is �20% (or 200,000 ppm). Once dissolved, the hyper-
polarized 13C magnetization undergoes T1 relaxation
toward thermal equilibrium in a similar physical
mechanism as water protons in the human body after
an RF excitation or inversion in a typical MRI scan.
But body protons recover to thermal equilibrium via
T1 relaxation, whereas the hyperpolarized 13C sub-
strate irreversibly decays into thermal equilibrium via
T1 relaxation. Once decayed, the 200,000 ppm hyper-
polarized magnetization is not recoverable and the
magnetization of the 13C substrate remains at the
thermal equilibrium level, about 2.6 ppm at 3 T. In
addition to the loss of polarization due to T1 relaxa-
tion, RF pulses deplete polarization in a nonrecover-
able way. Hyperpolarized gas imaging using 3He or
129Xe also utilizes nonrecoverable magnetization, sub-
ject to T1 relaxation and RF depletion. Thus, sample
delivery and data acquisition in hyperpolarized imag-
ing need to be sufficiently fast in order to utilize this
decaying and nonrecoverable magnetization (for
[1-13C]pyruvate, most of the nonequilibrium polariza-
tion is lost within 2–3 minutes postdissolution). How-
ever, different from hyperpolarized gases, some
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hyperpolarized 13C substrates such as [1-13C]pyru-
vate also undergo metabolic conversions to down-
stream metabolites. Therefore, the signal-to-noise ra-
tio (SNR) of hyperpolarized 13C in vivo depends on the
T1 relaxation time, metabolic conversion rates, liquid
state polarization, concentration, agent delivery time,
acquisition timing, and pulse sequence strategies of
utilizing the nonrecoverable magnetization. The fol-
lowing section describes the most popular data acqui-
sition strategies for hyperpolarized 13C imaging.

Pulse Sequences

Hyperpolarized 13C MRI typically requires acquisition
of 13C signals from the injected metabolite and its
metabolic products. These 13C-labeled metabolites
can be observed as a spectrum of peaks at different
resonance frequencies. Both the spatial distribution
and temporal evolution of the metabolite signals are
of a strong interest for understanding the dynamic
metabolic process in vivo. Pulse sequence design pro-
gressed rapidly from single-slice, single-timepoint ac-
quisition to five-dimensional MRSI: temporal, spectral,
and three spatial dimensions. Optimizing sampling ef-
ficiency of nonrecoverable magnetization has been the
primary focus of pulse sequence development for
hyperpolarized 13C MRSI. Methods such as com-
pressed sensing and iterative decomposition of water
and fat with echo asymmetry and least square estima-
tion (IDEAL) have been applied to accelerate acquisi-
tions in this context, and various RF pulse designs
have been used to optimize SNR and/or contrast-to-
noise ratio (CNR). In addition, there are specialty
sequences for quantitation of T2 and metabolic
kinetics.

Single Timepoint MRSI

Early work in hyperpolarized 13C MRSI employed con-
centric phase encoding and variable flip angle (38,43–
45) techniques to acquire chemical shift images (CSI)
in two dimensions within a short time window that
coincides with the maximum 13C signals of metabolic
products. For these single timepoint images, the opti-
mum acquisition depends on the bolus injection, the

organ of interest, and perfusion. Therefore, a nonspa-
tially resolved dynamic scan of the same region (Fig.
3) was often performed (in a separate bolus injection)
prior to the imaging study to gain timing information
from the metabolic signal–time curves (38). For a typi-
cal protocol of a 16 � 16 matrix and 5 � 5 mm in-
plane resolution, it requires 15–20 seconds to acquire
CSI of a single slice because of the long readout dura-
tion (to obtain adequate spectral resolution) and one
TR is needed for each spatial encoding point in X and
Y. Higher spatial resolution is possible in the same
scan time, but requires a smaller field of view (FOV),
which may result in spatial aliasing in clinical settings
unless the 13C coil receptivity profile limits the FOV,
such as is the case for surface coils or endorectal
coils.

Rapid CSI techniques have been developed to
improve sampling efficiency within the available time
window. Echo-planar spectroscopic imaging (EPSI)
with flyback (46) or symmetric gradient waveform (47)
traverses time and one spatial frequency domain in a
single readout period, shortening the acquisition and
allowing either single-timepoint 3D MRSI or time-
resolved multislice 2D MRSI (34,45) on a standard
clinical 3 T system (with a maximum gradient
strength of 4 G/cm and slew rate of 150 mT/m/ms).
There is a trade-off between spectral bandwidth and
spatial resolution in the design of these gradient tra-
jectories. Typically, a 5-mm resolution is achievable
with 500 Hz spectral bandwidth without spectral ali-
asing of [1-13C]pyruvate and its metabolic products
(except 13C bicarbonate). A similar trade-off also
exists for spiral CSI (48), which employs spiral read-
out gradients to sample X and Y simultaneously, and
concatenates the spiral gradients multiple times for
chemical shift encoding. However, even with multiple
interleaves to minimize the impact of gradient slew-
rate, the 2D spiral readout time can result in a spec-
tral bandwidth that is insufficient to fully cover the
metabolite chemical shift range. This causes spectral
aliasing, which needs to be corrected in the image
reconstruction (48,49) or otherwise, results in image
blurring. On a clinical system, spiral CSI completes a
2D MRSI of a single slice in 375 msec, a 50-fold
reduction in scan time (50) compared to the

Figure 3. Dynamic curves of 13C-
pyruvate, and its metabolic prod-
ucts: 13C-alanine, 13C-lactate, and
13C-bicarbonate (as labeled), follow-
ing an injection of hyperpolarized
[1-13C]pyruvate into a rat. The
dynamic signals were obtained from
the individual peak height of a stack
of spectra (right insert) acquired ev-
ery 3 seconds from a 90-mm thick
section of the rat torso.
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conventional CSI method (Fig. 4). However, for clinical
applications that require a large FOV, spiral CSI ac-
quisition time may increase drastically due to the
increase of interleaves required to maintain the same
spatial resolution and spectral bandwidth. In addi-
tion, spiral CSI encodes a circular FOV and can
become inefficient for a region of interest (ROI) with
an asymmetric FOV. On the other hand, EPSI allows
asymmetric FOV and the FOV in the one direction
encoded by the EPSI readout is virtually unlimited
due to the very high sampling rate available on all
clinical systems.

Acceleration to 5D MRSI

When the information of temporal dynamics and spa-
tial distribution are both needed, time-resolved MRSI
with multislice 2D or 3D volumetric coverage is a
good strategy. Time-resolved metabolic data can be
used to determine rate constants (51), and signal
averaging over the time course for each voxel can
regain most of the SNR observed in optimized non-
time-resolved methods. In preclinical studies, 5D

MRSI has been demonstrated by using spiral CSI
(51,52) and compressed sensing (53,54), both yielding
high-quality images and dynamic curves. Taking
advantage of the considerable sparsity in hyperpolar-
ized 13C spectra, compressed sensing pseudoran-
domly undersampled spectral and X-Y spatial
domains during EPSI flyback readout, yields up to a
factor of 7.53 in acceleration (55) relative to the con-
ventional 3D EPSI sequence (46) (Fig. 5). The acceler-
ation can be used to improve spatial resolution and
decrease acquisition time, or to cover a larger FOV,
which will be useful for clinical applications. The
trade-off of this technique is the loss of metabolite
peaks with low SNR (appears to break down for SNR
less than �7). This could potentially limit its applica-
tions depending on the achievable clinical SNR, which
is yet to be determined by clinical trials.

Another approach under development is IDEAL spi-
ral CSI (56), using the iterative least-squares chemical
shift-based (LSCS) method. This technique has been
used clinically for decompositions of water from fat
(57), but is also capable of decomposing multiple 13C-
labeled chemical species (58). Spectral sampling is
accomplished by shifting the echo time (TE) from exci-
tation to excitation and 2D images at each TE are
acquired by using spiral gradient trajectories. IDEAL
requires a priori information of chemical shift fre-
quencies of 13C metabolite peaks and, with such,
IDEAL allows minimum numbers of excitations for
spectral decomposition, an efficient sampling strategy
for a sparse spectrum over a wide bandwidth. There
is no trade-off between spatial resolution and spectral
bandwidth and, therefore, the spatial resolution can
be as high as SNR permits. This technique has been
demonstrated in time-resolved 2D imaging, with a
potential of combining with a pulse-and-acquire FID
acquisition to obtain a pseudo spectrum (59). The in-
tegrity of the pseudo spectrum obtained by using this
technique for quantitation purposes is under investi-
gation in preclinical studies.

RF Designs to Optimize SNR

The signal of the injected, relatively concentrated,
hyperpolarized 13C substrate is often 5 to 10 times
larger than the signals of its metabolic products

Figure 4. Comparison of spiral CSI and conventional
FIDCSI. Images were obtained from a single slice rat kidney
for [1-13C]pyruvate (left), [1-13C]lactate (middle), and
[1-13C]alanine (right). Spiral CSI (0.375 sec per slice) than
FIDCSI (17 sec per slice) with similar image quality. Courtesy
of Dr. Dirk Mayer of SRI, International and Stanford
University.

Figure 5. Pulse diagram of multiband and compressed sensing sequence (left), and reconstructed spectra (right) of time-
resolved 3D MRSI data. Improved peak detection of the wavelet-in-time method is most evident at 30 seconds after hyperpo-
larized [1-13C]pyruvate injection. Courtesy of Dr. Peder Larson, Dr. Simon Hu, and Dr. Dan Vigneron, University of California
at San Francisco.

Hyperpolarized 13C MRI 1321



initially, whereas the product signals are replenished
during the acquisition via recirculation of the surplus
13C substrate. Multiband spectral-spatial RF excita-
tion pulses (60) use spectral selectivity to minimally
excite the injected hyperpolarized 13C substrate while
exciting the metabolic products with a larger flip angle
to obtain higher SNR of the metabolites without satu-
rating the substrate magnetization prematurely. The
metabolic products are observable for a longer win-
dow and with better SNR than a uniformly constant
flip angle (60) strategy. A recent development combin-
ing multiband RF pulse design and compressed sens-
ing random sampling created a sequence for time-
resolved 3D MRSI acquisition (55,61) with good SNR.
The flip-angle of the injected 13C substrate and that of
the products can be optimized for optimal CNR ratio
for a particular organ or for disease characterization
(62).

An alternative to spectroscopically resolving multi-
ple metabolites is direct imaging of each metabolite af-
ter selective excitation by a spectral-spatial pulse (63).
Recently, a multislice cardiac-gated sequence consist-
ing of a large flip-angle spectral-spatial excitation RF
pulse with a single-shot spiral trajectory was devel-
oped for 13C imaging of cardiac metabolism (64). The
sequence alternates among the chemical shift fre-
quencies corresponding to each metabolite and allows
for rapid imaging of each individual metabolite.

T2-Based Sequences

Long T2 relaxation time of 13C metabolites was first
observed using a TRAMP (transgenic adenocarcinoma
of the mouse prostate) tumor model (65). The T2 dif-
ference between tumor and normal tissue was
explored in a rat hepatocellular carcinoma (HCC)
study (66) using a single-voxel preparation pulse fol-
lowed by a train of spin-echoes to measure the T2

decay of the signal within the voxel. T2’s of [1-13C]ala-
nine and [1-13C]lactate were found to be longer in
HCC tumors (1.2 sec and 0.9 sec, respectively) than
in normal liver (0.4 sec and 0.5 sec, respectively).
Recently, a T2 mapping sequence was developed to
measure T2 of 13C-labeled metabolites pixel-by-pixel
with high resolution (67). T2 values were extracted
from regions of interest on the T2 maps with better
precision. Figure 6 shows the T2 map of a single-slice
acquired through a TRAMP tumor and the tumor has

a T2 of 1.4 seconds. The large T2 difference between
tumor and normal tissues presents an opportunity for
greater imaging contrast when using a T2-based
sequence. A large SNR gain is also expected by using
T2-based sequences as compared to T�2 -based sequen-
ces. For example, most of the sequences mentioned
before are limited by signal loss caused by T�2 decay.
T�2 can be as long as 100–200 msec for [1-13C]pyru-
vate, but is reduced to about 25 msec for [1-13C]lac-
tate and [1-13C]alanine due to stronger JCH coupling
(38), and all these T�2 values are shorter than the T2

values. T2-based sequences, such as multiecho bal-
anced-steady-state free precession (SSFP) (68,69) and
stabilized fast spin echo (FSE)-EPSI (70), have signifi-
cant signal gain and are excellent for single-timepoint
MRSI. The challenge to utilize this strategy for time-
resolved MRSI lies in the strong RF depletion during
the echo train. Multiecho balanced-SSFP has been
demonstrated in 3D acquisition for time-resolved
hyperpolarized chemical shift imaging (71), but the
temporal resolution of 16 seconds may not be suffi-
cient for characterizing the metabolic dynamics.

Kinetic Modeling

Hyperpolarized pyruvate-to-lactate signal-time curves
have been described by two-site exchange (35,72)
models. Under saturating conditions, the apparent
rate constant Kpl increases as the pyruvate dose
decreases (72). The small tip-angle, pulse-and-acquire
dynamic curves are biased by the substrate dose,
bolus shape, and accumulated in flow of [1-13C]lac-
tate. These factors can be eliminated by using a satu-
ration recovery method (67,68), resulting in dynamic
curves that describe the instantaneous metabolic con-
version at the local tissue level during the passage of
hyperpolarized [1-13C]pyruvate. This method typically
consists of multiple 90�-excitations to acquire
dynamic spectroscopic images and spectrally selective
saturation pulses applied in between acquisition of
time frames to spoil the inflow of [1-13C]lactate while
preserving inflow of fresh [1-13C]pyruvate. The result-
ing kinetic data were fully sampled at each timepoint
and were unbiased by the substrate dose, bolus
shape, and product decay. Apparent maximal reaction
velocity Vmax and asymptotic conversion rate at satu-
rated condition KM can be derived by kinetic modeling
of the saturation recovery dynamic curves (67).

Figure 6. Quantitative 13C-lactate (middle) and 13C-pyruvate (right) T2 maps of a single 2 mm slice on TRAMP tumor. Tumor
appears homogeneous on proton 3D-SPGR image (left) but has heterogeneous T2 values for [1-13C]lactate and [1-13C]pyru-
vate. The estimated T2 errors range from 100 to 200 msec (not shown). [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Exchange vs. Flux

The conversion of [1-13C]pyruvate to [1-13C]lactate, as
observed in hyperpolarized metabolic imaging, is a
combination of flux (net creation of lactate) and
exchange (13C enrichment of the lactate pool with no
net change in concentration). In whole blood, pyru-
vate-lactate exchange occurs at a rate 3–5 times the
rate of flux (73). The impact of lactate pool size and
exchange was demonstrated for hyperpolarized
[1-13C]pyruvate metabolic spectroscopy using cells
preconditioned with unlabeled lactate (35). Under
conditions of elevated steady-state lactate (unlabeled),
a large increase in hyperpolarized [1-13C]lactate was
observed. Recently, the importance of exchange has
been demonstrated in a lymphoma model, under the
high bolus concentration hyperpolarized [1-13C]pyru-
vate and magnetization transfer technique (74). The
authors of this study further concluded that steady-
state lactate pool size is the likely limit of detection for
[1-13C]lactate in regions-of-interest such as blood and
muscle.

The availability of the reduced form of nicotinamide
adenine dinucleotide NADH, from sources beyond lac-
tate dehydrogenase (LDH) catalyzed exchange, also
impacts the conversion of hyperpolarized [1-13C]pyru-
vate to [1-13C]lactate. For example, added NADH from
aldolase processing of ethanol in liver (75), or from
mitochondria via a reverse of the malate-aspartate
shuttle (76), have been shown to increase the flux of
hyperpolarized [1-13C]pyruvate to [1-13C]lactate. How-
ever, the balance of flux and exchange has not yet
been quantitatively established, and remains to be
determined, even for normal tissues and conditions.

APPLICATIONS

Oncology

Prostate Cancer

Initial experience in hyperpolarized 13C metabolic
imaging of prostate cancer was reported by Chen et al
(45) by injecting hyperpolarized [1-13C]pyruvate into
transgenic adenocarcinoma of mouse prostate (TRAMP)
model. The study showed highly elevated lactate signal
in late-stage prostate tumors. Albers et al (34) com-
pared hyperpolarized 13C metabolic imaging of prostate
cancer with histology. Normal mice and TRAMP of vari-
ous histologic grades were studied. Images of 13C-py-
ruvate, 13C-lactate, and 13C-alanine were obtained by
using 3D EPSI sequence in 14 seconds. The lactate
signal level increases with tumor progression and cor-
relates strongly with histologic grade.

Clinical Trial

The first clinical trial of hyperpolarized 13C-pyruvate
metabolic imaging of prostate cancer patients was
successfully conducted at the University of California
in San Francisco (1). This study was a proof-of-con-
cept trial entitled ‘‘A Phase 1/2a Ascending-Dose
Study to Assess the Safety and Tolerability and Imag-
ing Potential of Hyperpolarized Pyruvate (13C) Injec-
tion in Subjects with Prostate Cancer.’’ This 33-patient

study was conducted with the primary objective to
assess the safety of hyperpolarized pyruvate (13C)
injection in men with prostate cancer and intact pros-
tates. The secondary objectives were to determine: 1)
The kinetics of hyperpolarized pyruvate injection
delivery and metabolism throughout the prostate, and
2) to determine the SNR for 13C pyruvate metabolites
and total hyperpolarized carbon (THC) in regions of
cancer and in surrounding benign prostate as a func-
tion of the dose of the hyperpolarized pyruvate (13C)
injection. All doses were well tolerated without excep-
tion, and excellent CNR for [1-13C]lactate was
observed even at the lowest dose (private commun.).

Liver Metabolism and Hepatocellular Carcinoma

Using hyperpolarized [1-13C]pyruvate, Hu et al (77)
studied liver metabolism in fasted rats and found
higher lactate-to-alanine signal ratios and lower ala-
nine signal level in the fasted rats than in free-fed
rats. The low alanine signal is most likely due to a
reduction of alanine aminotransferase (ALT) activity in
fasted rat liver during gluconeogenesis. Alanine is
also a good biomarker for HCC detection. Using
hyperpolarized [1-13C]pyruvate, Darpolor et al (78)
found elevated alanine and lactate levels, consistent
with enzyme expression analysis on rat HCC tissue
extract. Interestingly, 13C MRSI showed high alanine
signals specifically in HCC tumors, whereas it showed
high lactate signals in the HCC tumors and in blood
vessels. Low 13C-alanine signals in vessels may be
due to the much slower transport of alanine than lac-
tate from cells to blood. Therefore, within the 1 mi-
nute of 13C acquisition time window, not much 13C-al-
anine signal was observed in vessels but only in HCC
tumors. This is a promising technique for liver cancer
diagnosis and treatment monitoring.

Glioma

Park et al (79) assessed the potential use of hyperpo-
larized 13C-pyruvate for glioma prognosis in rat mod-
els. The signal levels of 13C-pyruvate and its metabolic
product, 13C-lactate, as well as their relative signal
ratios were significantly higher in tumors than in nor-
mal brain. The 13C-lactate signal correlated with pro-
liferation. The different 13C metabolic profile between
two different models in the study was consistent with
their immunohistochemical data. Time-resolved 2D
MRSI was reported recently in a rat glioma model,
comparing metabolic conversion rates between glioma
and normal brain (80). In both studies, large 13C-py-
ruvate uptake was observed due to the disruption of
the blood–brain barrier (BBB) in gliomas. For studies
of 13C-pyruvate metabolism in normal rat brain,
where the BBB is intact, see the Neurology section
below.

Lymphoma

Extracellular pH is known as a biomarker of intersti-
tial lactic acid production (81). Although intracellular
pH has been measured by 31P MRS (82), the lower
sensitivity of 31P MRS limits its application for human
studies with appropriate spatial resolution and
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reasonable imaging time window. With the 5 orders of
magnitude signal enhancement afforded by the DNP
technique, Gallagher et al (13) mapped the pH of mu-
rine lymphoma tumor by applying 13C MRSI following
an injection of hyperpolarized 13C-bicarbonate. The
pH value in each voxel was calculated using the rela-
tive signal of 13C-bicarbonate and its metabolic prod-
uct 13CO2 using the Henderson-Hasselbalch equation.
The tumor showed lower pH than the surrounding
healthy tissues.

Another hyperpolarized 13C substrate that has been
tested on lymphoma is 2-keto-[1-13C]isocaproate
(KIC). KIC is metabolized to leucine by branched
chain amino acid transferase (BCAT), a biomarker for
metastasis in some tumors and a target of proto-onco-
gene c-myc. Following injection of hyperpolarized KIC,
Karlsson et al (83) found more than a 7-fold higher
signal of 13C-leucine in murine lymphoma than in
healthy tissue. In the same study, no 13C-leucine was
observed in rat mammary adenocarcinoma. Ex vivo
BCAT expression analysis yielded a high BCAT level
in murine lymphoma and a very low BCAT level in rat
mammary tumor, consistent with the hyperpolarized
13C metabolic imaging findings.

Therapeutic Response

Day et al (35) reported decreased flux between pyru-
vate and lactate in lymphoma tumors when treated
with etoposide and interrogated with hyperpolarized
[1-13C]pyruvate. The etoposide induces apoptosis and
loss of NADH due to activation of poly (ADP-ribose)
polymerase (PARP) leading to reduced LDH activity.
This study is the benchmark to demonstrate the feasi-
bility of using hyperpolarized 13C metabolic MR to
monitor early treatment effects.

A similar finding was also reported by Chen et al
(84) in a study of treatment response on TRAMP
tumors by using hyperpolarized [1-13C]pyruvate.
Reduced 13C lactate to pyruvate ratio was found in
the TRAMP mice that responded to androgen depriva-
tion therapy and no change was found in the ratio in
nonresponding mice.

In a study of treatment monitoring of lymphoma
tumors using hyperpolarized [1,4-13C2]fumarate, Gal-
lagher et al (85) found that production of
[1,4-13C2]malate from the labeled fumarate is a sensi-
tive marker of cellular necrosis. The conversion was
2.4-fold higher in etoposide-treated lymphoma
tumors, where significant levels of tumor cell necrosis
formed than in the untreated tumors. This technique
has clinical potential for monitoring early therapeutic
response.

Cardiology

Generation and utilization of adenosine triphosphate
(ATP) in the heart are tightly controlled events regu-
lated by physiological conditions and energetic needs.
Normally, the heart uses fatty acids, carbohydrates,
and ketones as the substrates for energy production.
Altered myocardial substrate utilization is associated
with diseases such as cardiomyopathy, hypertension,

and diabetes; it also occurs during ischemia and reper-
fusion. Since all substrates are converted to acetyl-
CoA prior to entering the Krebs cycle, measurement of
the metabolic fluxes of acetyl-CoA production from
various substrates can be used to monitor the changes
in substrate selection and utilization. Pyruvate dehy-
drogenase (PDH) is the enzyme that decarboxylates the
carbohydrate derived pyruvate to acetyl-CoA and CO2,
and the control of this enzyme’s expression and activity
is closely tied to myocardial substrate selection, thus
the ability of using hyperpolarized 13C pyruvate to non-
invasively probe PDH flux is potentially a powerful
diagnostic tool in cardiology.

Indeed, a number of recent reports in small and large
animal models have demonstrated the ability of hyper-
polarized 13C MR imaging and spectroscopy to charac-
terize the PDH flux noninvasively in normal hearts and
hearts during ischemia-reperfusion and cardiac dis-
eases (86–90). In normal hearts, the 13CO2 derived from
[1-13C]pyruvate due to cardiac PDH flux is observed
mostly as 13C-bicarbonate (in equilibrium with 13CO2)
signal (Fig. 7) in MR spectroscopy data (64,87,88), and
some [1-13C]lactate and [1-13C]alanine signals can also
be observed. In spatially resolved 13C MRI data obtained
from large animal models, the substrate signal was
found to be localized mostly in the cardiac chambers,
while 13C-bicarbonate was localized in the myocardium
(Fig. 8); [1-13C]lactate signal was more diffuse and
observed in both the blood and cardiac muscle (64,86).

In models of ischemia and reperfusion, impaired
PDH flux can be observed as decreased 13C-bicarbon-
ate signal shortly following reperfusion (86,89). Poten-
tially, the viability of the affected tissue may be
probed by following the recovery of the PDH flux (or
the lack of it) post reperfusion and assessment of
interventions targeting this metabolic pathway may
also benefit from this technique. Changes in PDH flux
due to diabetes have been investigated in a small ani-
mal model (88). Very recently it has also been reported
that in a porcine pacing model of dilated cardiomyop-
athy (DCM) the disease progression can be followed
noninvasively with 13C metabolic imaging using
hyperpolarized [1-13C]pyruvate, and altered cardiac
PDH flux was found to be strongly associated with
onset of decompensated DCM (90). Monitoring cardiac
substrate utilization in patients may provide valuable
information regarding progression of these diseases
and aid clinical management.

Although most of the efforts so far in utilizing
hyperpolarized 13C MR metabolic imaging in cardiol-
ogy have been focused on probing substrate utiliza-
tion using [1-13C]pyruvate, the cardiac pH may also
be assessed noninvasively by the H13CO�3 /13CO2 ratio
and the Henderson-Hasselbalch equation (87,91), if
sufficient SNR is obtained for the 13CO2 signal. Moni-
toring of cardiac Krebs cycle flux in real time using
hyperpolarized [2-13C]pyruvate is also feasible since
the C2 position on pyruvate is carried into the cycle
through acetyl-CoA (instead of being released as
13CO2), and changes of Krebs cycle flux can be
assessed by measuring changes in the [5-13C]gluta-
mate signal (92). Along with PDH flux, these addi-
tional parameters obtainable by hyperpolarized 13C
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MR provide insights into cardiac energetics and cellu-
lar environment that were not previously accessible
noninvasively by other imaging modalities and may
become valuable clinical tools in cardiology.

Neurology

The direct quantitative measures of BBB transport,
inflammation, and oxidative load with hyperpolarized

metabolic imaging has the potential to address unmet
clinical needs in neurodegenerative disease, traumatic
brain injury, and stroke. Unfortunately, this area of
research trails the exciting progress that has been
made in oncology and cardiology. Part of the lag in
neurology may be due to the concern about the trans-
port rate of T1-limited hyperpolarized metabolic imag-
ing agents through the BBB. One strategy to overcome
the BBB transport limit explored the use of the

Figure 8. In vivo dynamic 13C MRI data acquired using a multislice respiratory-gated spiral sequence showing spatial distribu-
tion of metabolites in a short-axis view of the heart. Pyruvate volume (six slices) were acquired starting from 10 seconds after the
start of [1-13C]pyruvate injection to capture the bolus through the heart (one volume of pyruvate images acquired during one re-
spiratory cycle, 10 respiratory cycles of pyruvate data acquired, pyruvate images from peak of the bolus shown). Bicarbonate
and lactate image volumes were acquired after the pyruvate bolus and were each repeated three times. The resolution of the
overlaid reconstructed 13C images is 10.7 mm in-plane for bicarbonate and pyruvate and 12 mm for lactate with a 1-cm slice
thickness (pyruvate images are shown with a difference scale from bicarbonate and lactate images). The scan was completed in
�1 minute. Almost all the [1-13C]pyruvate signal observed was localized in the blood while 13C-bicarbonate was confined mostly
in the heart muscle. Figure courtesy of Angus Z. Lau and Charles H. Cunningham of Sunnybrook Health Sciences Centre.

Figure 7. Cardiac-gated dynamic MRS data from pig hearts. a: Representative spectrum from the maximum bicarbonate
frame in a fasted pig. b: Representative spectrum from the maximum bicarbonate frame in an oral glucose loaded pig. c:
Time course of peak areas of pyruvate, bicarbonate, lactate, and alanine resonances acquired every 4 R-R intervals in the
oral glucose loaded pig. The maximum bicarbonate to maximum pyruvate ratio (BPR) altered dramatically based on fed con-
dition of the animal, due to changes in myocardial substrate utilization. Used with permission from Lau AZ, et al., Rapid
multislice imaging of hyperpolarized (13)C pyruvate and bicarbonate in the heart. Magn Reson Med 2010;64:1323–1331,
John Wiley & Sons.
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nonpolar precursor molecule, ethyl-pyruvate (93).
This molecule is readily taken up by the brain and
metabolized, but injection rate is limited, and inter-
pretation is complicated by the rate of hydrolysis.
However, as part of this study it was discovered that a
substantial amount of [1-13C]pyruvate does make it
through normal BBB during the first passage of a
bolus, and is converted to [1-13C]lactate. Both 13C-bi-
carbonate and [1-13C]lactate appear to be formed in
brain tissue (51,94,95). In a subsequent dynamic
metabolic imaging study, the [1-13C]lactate observed
in a brain ROI was found to arise from brain metabo-
lism, while the bulk of the [1-13C]pyruvate observed in
that same ROI appeared to arise from the cerebral
blood volume (51). Since a substantial amount of
[1-13C]pyruvate makes it across the normal BBB and
is converted to [1-13C]lactate, it should be possible to
quantitatively measure the full range of BBB trans-
port abnormalities. The quantitative nature of the
measure of total 13C taken up, as well as the meta-
bolic activity, could make [1-13C]pyruvate metabolic
imaging an ideal tool to study the full range of dis-
ease-induced disruptions in the BBB, even the subtle
ones that have been reported for some nonenhancing
MS lesions (96).

Beyond [1-13C]pyruvate, one of the most interesting
agents for the study of neurodegenerative disease may
be [1-13C]dehydroascorbic acid (DHA) (97,98). This
molecule has been shown to rapidly cross the BBB
(99), and the conversion rate of DHA to vitamin C is
expected to be a direct marker for oxidative stress
(97,98). A number of other dissolution DNP agents
have also been studied in the brain including KIC and
[1-13C]acetate (see Table 1).

CONCLUSION

Dissolution-DNP-enabled metabolic imaging is still a
relatively young field, with active preclinical research.
This includes rapid discovery of new indications for
the lead compound, hyperpolarized [1-13C]pyruvate,
as well as a robust exploration of new agents. The
success of the first clinical proof-of-concept trial and
the development of a clinical polarizer should enable
the next steps toward clinical translation of this
technology.
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