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A new direction for polarized carbon-13 MRI
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T
he implementation of hyper-
polarized contrast agents in
MRI provides the opportunity
to combine the flexibility and

safety of MR-based imaging with the
large signal-to-noise achievable through
external nuclear polarization. Nuclei
aligned in a magnetic field are termed
‘‘hyperpolarized’’ when they are forced
into an artificially-created nonequilib-
rium distribution among Zeeman levels
with respect to thermal equilibrium.
Once removed from the magnetic field,
this distribution becomes transient, ex-
hibiting a lifetime dependent on the nu-
clear spin-lattice relaxation time, T1.
Hyperpolarization can be performed by
using a variety of techniques such as
optical pumping [spin exchange (1) and
metastablity (2)], parahydrogen-induced
polarization (PHIP) (3, 4), and dynamic
nuclear polarization (DNP) (5) in the
solid state followed by rapid dissolution
(6). Although the optically-pumped no-
ble gases 3He and 129Xe have exhibited
potential for clinical utility in imaging
lungs and sinuses (7, 8), the investiga-
tion of DNP-hyperpolarized 13C liquid-
phase agents for medical and diagnostic
use has only recently begun. Most of the
published work in this field has focused
on acquiring real-time metabolic infor-
mation. However, the recent work in
this issue of PNAS (9) takes a com-
pletely new direction for the application
of polarized 13C.

DNP results when spin polarization is
transferred from electrons to nuclei. Nu-
clear spins then become aligned to the
extent that the electron spins are
aligned, which at a given magnetic field
and temperature is normally described
by the Boltzmann distribution under
thermal equilibrium. If, however, the
electron-spin polarization deviates from
its thermal equilibrium value, polariza-
tion transfer between electrons and nu-
clei can occur spontaneously through
electron–nuclear cross-relaxation and/or
spin-state mixing among electrons and
nuclei. Accordingly, when a system with
unpaired electrons, e.g., a mixture con-
taining free radicals, is in thermal
equilibrium, continuous microwave irra-
diation at a frequency close to the cor-
responding electron paramagnetic
resonance frequency is required to ac-
complish the polarization transfer. The
corresponding mechanisms for the
microwave-driven polarizing processes
are categorized into the Overhauser ef-
fect, the solid effect, the cross effect,

and thermal mixing. Any of these mech-
anisms can be exploited to hyperpolarize
substrates containing heteronuclei. DNP
therefore requires mixing the substrate
with a substance containing an unpaired
electron (radical) at low temperatures
(close to absolute zero) in a magnetic
field. The sample is then irradiated with
microwaves close to the electron reso-
nance frequency. The process allows the
transfer of the polarization (currently up
to �10–30%) from the radical species
to the labeled substrate (10–12).

DNP is the only known method of
hyperpolarization that is not subject to
severe limitations in terms of its applica-
bility, primarily because the physical ba-
sis of DNP is not significantly influ-
enced by the chemical properties of the
substrate. Therefore, in principle, it is
reasonable to expect that nearly any
molecule with a high abundance of a
magnetically-active nucleus is hyper-
polarizable. Of course, the total achiev-
able polarization is still subject to inter-
play among spin diffusion, polarization
transfer, and relaxation. Successful med-
ical imaging of hyperpolarized contrast
agents, however, requires that the com-
pound be soluble in aqueous solution
and have a sufficiently long T1 relax-
ation time to permit transport, adminis-
tration, redistribution, and/or metabo-
lism in vivo, and the acquisition of
images and/or spectra, perhaps for sev-
eral times. As a result, the practical im-
plementation of hyperpolarized MRI or
magnetic resonance spectroscopy (MRS)
studies using many biologically impor-
tant molecules has been hindered. His-
torically, these limitations have been the
primary obstacles in the field of nuclear
polarization, particularly with respect
to the DNP method for nuclear
enhancement.

A New Direction
To address these limitations, Wilson et
al. (9) discuss a completely new ap-

proach to DNP. They have demon-
strated that it is possible to use a simple
molecule that is readily polarizable, in
this case acetic anhydride, to label an-
other molecule through a rapid chemical
reaction. The concept of hyperpolarizing
a fast-reacting substrate and forming
biochemically interesting derivatives has
clear merits. Most notably, multiple de-
rivatives can be hyperpolarized simulta-
neously, which is often not possible to
do directly in a DNP system. Further-
more, the difficulties with water solubil-
ity, crystallization, and polarization
decay can be addressed by delaying the
synthesis of the molecule of interest un-
til the last possible moment. The system
chosen here is strikingly simple, widely
applicable and, as such, is quite elegant.

Wilson et al. (9) use ‘‘secondary label-
ing’’ to hyperpolarize a variety of amino
acid derivatives. First, a sample of 13C
acetic anhydride is hyperpolarized and
then it is quickly mixed with 5 amino
acids. A rapid reaction occurs between
the hyperpolarized acetic anhydride and
the amino acids, resulting in the simulta-
neous production of 5 hyperpolarized
amino acid derivatives. This approach
introduces the potential for the applica-
tion of DNP in high-throughput re-
search. Likewise, small peptides have
been hyperpolarized by using this
method, even though the lifetime of the
hyperpolarized state decreases with
increasing size or chain length of the
target tracer molecule.

The choice of acetic anhydride for
secondary labeling is a great one, not
only because of its fast reaction kinetics
but also because of the attractively long
13C relaxation time of its carbonyl car-
bons. Furthermore, appropriately 13C-
labeled acetic anhydride is not only
readily available but also reasonably af-
fordable compared with other potential
reaction partners. Another attractive
aspect of the implementation of second-
ary labeling is its relatively universal
nature; although the posthyperpolariza-
tion chemistry is in some ways similar to
that of the PHIP approach, potential
precursors are generally commercially
available, effectively eliminating the
requirement for expensive custom syn-
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thesis. Most amino groups will react suf-
ficiently fast to provide hyperpolarized
N-acetylated derivatives. The only draw-
back to this approach is that so far it
requires an organic solvent, here p-
dioxane, a consequence of acetic anhy-
dride’s high reactivity with water, which
precludes in vivo use. Nevertheless, the
concept is sound and minor modifica-
tion is likely to open up new areas for
the application of hyperpolarization. As
it stands, the technique can be used for
in vitro measurements, e.g., increasing
the detection threshold of the relevant
molecules to allow parallel quantification
of a wide variety of amino-containing
molecules at very low concentration.

Future Possibilities
To put the recent progress into perspec-
tive, it is worthwhile to note that the
field of polarized 13C is still at a very
early stage, and this method will likely
be combined with other ongoing work
before an approach with clear clinical
utility is developed. Each of these areas
could benefit, and benefit from, the
methods described by Wilson et al. (9).
Examples of these improvements in-
clude: polarization at higher magnetic
field, methods for relaxation time elon-
gation, and techniques to address the
low aqueous solubility of many interest-
ing compounds.

The DNP system used by Wilson et
al. (9) is commercially available and op-
erates at a static field of �3.35 T. The
basic principles of DNP suggest that in-
creasing the strength of the magnetic

field will improve the production rate
and the ultimate achievable polarization
level. Additionally, increased throughput
of highly-polarized samples has been
deemed essential for advanced animal
research with DNP 13C MRI and MRS.
Recent experimental results by Johan-
nesson et al. (13) suggest that a substan-
tial increase in percentage polarization
can be achieved by just increasing the
magnet field from 3.35 to 4.6 T. Specifi-
cally, these studies show that this
increase in magnetic field strength re-
sulted in an improved polarization of
pyruvic acid in solid state to �64%. The
results of this study suggest that the po-
larization level dependence on magnetic
field is surprisingly strong, and increas-
ing the field strength is one of the most
attractive means of enhancing the polar-
ization of nuclear spins.

The implied benefit for the present
work is substantial, because the signal
gains achieved in substrate hyperpolar-
ization translate directly to the signal
achievable in the derivative molecule.
Suppression of the thermal processes
that cause relaxation to thermal equilib-
rium is perhaps the most challenging
aspect of this research. However, even
here, methods have been proposed and
demonstrated that may help alleviate
this obstacle substantially, including de-
coupling of high-gamma nuclei (14, 15),
minimization of chemical-shift anisot-
ropy at low field (16, 17), and prepara-
tion of symmetric states of multiple
nuclei that persist longer than the indi-
vidual nuclear T1s (18).

A third factor that plays an important
role in practical DNP experiments is the
solubility of the target molecule, both
because a large final concentration is
typically desirable and spin diffusion in
the DNP process itself is more rapid
when the average distance between 13C-
labeled molecules is kept small. As
demonstrated by Gallagher et al. (19),
attempts to polarize sodium bicarbonate
were much more successful when the
more soluble cesium bicarbonate was
used, and the counterion was exchanged
after dissolution. Broadly analogous and
applicable to the present work, similar
techniques can been used to overcome
the solubility limitations of many inter-
esting biological molecules.

Progress in DNP and hyperpolarized
NMR research in general will likely re-
quire application of some or all of these
methods. The approach by Wilson et al.
(9) adds a new, well-thought-out avenue
for exploration that is specifically appli-
cable to an interesting class of mole-
cules; i,e. any species that can be
acetylated reasonably, efficiently, and
quickly can now also be hyperpolarized.
It is conceivable that the hyperpolariza-
tion introduced into the 13C nucleus of
the carbonyl carbon of the acetylated
products may subsequently be trans-
ferred to other appropriate, NMR-active
nuclei, for instance, its adjacent 15N
neighbor. Moreover, consideration of
the general approach may lead to other
precursors, functional groups, and
classes of targets, which are amenable to
an analogous chemical transformation.
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