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Hyperpolarized 13C offers high signal-to-noise ratios for imaging metabolic activity in vivo, but care must
be taken when designing pulse sequences because the magnetization cannot be recovered once it has
decayed. It has a short lifetime, on the order of minutes, and gets used up by each RF excitation. In this
paper, we present a new dynamic chemical-shift imaging method that uses specialized RF pulses
designed to maintain most of the hyperpolarized substrate while providing adequate SNR for the meta-
bolic products. These are multiband, variable flip angle, spectral–spatial RF pulses that use spectral selec-
tivity to minimally excite the injected prepolarized 13C-pyruvate substrate. The metabolic products of
lactate and alanine are excited with a larger flip angle to increase SNR. This excitation was followed by
an RF amplitude insensitive double spin–echo and an echo-planar flyback spectral–spatial readout gradi-
ent. In vivo results in rats and mice are presented showing improvements over constant flip angle RF
pulses. The metabolic products are observable for a longer window because the low pyruvate flip angle
preserves magnetization, allowing for improved observation of spatially varying metabolic reactions.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

The use of hyperpolarized contrast agents for in vivo MR imag-
ing and spectroscopy has been made possible by the recent devel-
opment for maintaining dynamic nuclear polarization (DNP) in
solution [1–13]. For 13C agents, this provides a SNR increase of
10,000 over the thermal equilibrium values. Injection of these
agents into rats, pigs, dogs, and mice has yielded good results in
both imaging and spectroscopy [1,2,4–11]. Furthermore, there is
virtually no 13C background signal, so all the signal is a result of
the injected agent. Hyperpolarized 13C-pyruvate has been used be-
cause the metabolic products of alanine, lactate, and bicarbonate
are observable and have provided in vivo metabolic imaging of
normal and disease processes [4,7–11].

When using hyperpolarized agents, the majority of the magne-
tization cannot be recovered once it decays to its thermal equilib-
rium level. This results in a maximum imaging window of
approximately 1–2 min for the 13C-pyruvate substrate and its
products because of T1 decay. Furthermore, every RF excitation
also uses up some of the hyperpolarized magnetization. For this
reason, small flip angle RF pulses are generally used to preserve
the magnetization for a longer time [4].
ll rights reserved.
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In this paper we present a method using tailored excitation
pulses to provide a balance between SNR, temporal window, and
consumption of magnetization for dynamic chemical-shift imag-
ing. Multiband spectral–spatial RF pulses [14,15], designed using
new methods for reduced RF power, improved accuracy and flexi-
bility [16], provide different flip angles for the substrate and prod-
ucts. This imaging method allows for improved observation of the
dynamic kinetics because the hyperpolarized substrate is mini-
mally perturbed while the SNR of the products is increased.

2. Theory

Hyperpolarization by DNP offers polarization gains of over
10,000 [1,2] but the enhancement decays back to thermal equilib-
rium by both T1 and T2 relaxation. The hyperpolarized magnetiza-
tion is stored longitudinally, and any magnetization that is rotated
into the transverse plane will decay by T2 relaxation. For example,
a 90� pulse can practically destroy the hyperpolarized magnetiza-
tion within a couple T2 intervals following the pulse. Unlike ther-
mally polarized spins, the magnetization does not recover by T1,
so care must be taken to efficiently use the available
hyperpolarization.

When hyperpolarized 13C-pyruvate is used as a substrate, it is
converted enzymatically in vivo to 13C lactate and 13C alanine,
but their signal is much lower and more difficult to observe than
the pyruvate. The hydrate form of pyruvate is also seen, and is in
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equilibrium with pyruvate. In the 13C spectrum at 3 T, these four
compounds are well separated but within a 550 Hz bandwidth.

RF pulses with spectrally varying flip angles can be used to
tradeoff between use of the hyperpolarized magnetization and
SNR. The pyruvate substrate stores the majority of the hyperpolar-
ized magnetization, so a small flip angle will preserve this magne-
tization while still providing adequate SNR. The products benefit
from a larger flip angle for higher SNR. Also, pyruvate and its hy-
drate are in exchange, so tipping the hydrate can also result in a
loss of the hyperpolarized pyruvate magnetization.

3. Methods

The experiments presented used new, multiband spectral–spa-
tial pulses. These pulses were designed for good SNR of lactate and
alanine while preserving the majority of hyperpolarized magneti-
zation stored in the pyruvate substrate to enable a long imaging
window. They were followed in the sequence by an adiabatic dou-
ble spin–echo and a flyback spectral–spatial readout encoding for
time-resolved 2D MRSI.

3.1. RF excitation pulse

The RF excitation pulses used were spectral–spatial pulses with
multiple spectral bands, each of which can have a different flip an-
gle. These pulses were designed using the method described in
[16], which is summarized here. It features a convex optimization
design of the spectral filter and correction of chemical-shift slice
misregistration. The design is very flexible, allowing for adjust-
ments of the spectral bands and spatial profile, and the resulting
pulses are efficient in terms of power and duration. First, the range
of spectral sampling frequencies, Fs-the inverse of the distance be-
tween the spatial subpulses - is calculated. The maximum sam-
pling frequency, Fmax, is the inverse of the minimum-time
gradient sublobe duration. This gradient satisfies the spatial
time-bandwidth (TBW), gradient system constraints, and the spec-
ified fraction of the sublobe ramps allowed for applying VERSE [17]
to the RF. For flyback gradient designs, the minimum-time gradient
rewinder is also included in the sublobe. The minimum sampling
frequency, Fmin, is the inverse of the total width of frequencies
specified.

For Fs 2 ½Fmin; Fmax�, filters are designed that meet the desired
spectral response. These are designed using an FIR filter design
method based on convex optimization and spectral factorization
[18]. This method supports complex filters, which allows for vari-
able amplitude band specification and has no symmetry restric-
tions on the frequency response. It uses the frequency magnitude
response to design the filter, and magnitude bounds are derived
based on the desired spectral response. The FIR design problem
is solved with a linear program as described in [18]. Additionally,
the filter autocorrelation is minimized in the linear program.
Including this term explicitly minimizes the transition band en-
ergy, which reduces the overall RF power. Such minimization is
not available in the complex Parks–McClellan filter design method
[19]. The minimum-length filter is also achieved by using the
bisection method described in [18], which results in the mini-
mum-time RF pulse. For each realizable spectral filter, a correction
is applied to reduce chemical-shift slice misregistration. This mis-
registration is the result of nonuniform kz � t sampling in excita-
tion k-space that is in a ‘‘zig-zag” pattern because of the
oscillating gradient and also is the source of Nyquist stopband
ghosts [20]. A regularized least-squares fit is used to calculate dif-
ferent filters for each constant kz sampling line that match the uni-
form sampling spectral filter for the actual, nonuniform excitation
k-space locations, as described in [21,22]. They are applied to the
spatial subpulses at the appropriate kz locations. Following all of
these steps, a set of spectral–spatial pulses with varying Fs is pro-
duced. Among the set, one pulse is chosen based on any criteria,
such as minimum-time, minimum-power, or minimum-amplitude.
For these experiments, the minimum-time Fs pulse was chosen be-
cause small flip angles were used and RF amplitude was not a lim-
iting factor.

Fig. 1 shows the multiband RF excitation pulse used for the
hyperpolarized 13C-pyruvate rat experiments at 3 T. This 16.2 ms
pulse has a spatial TBW of 3.0 and ripples of 1% with a minimum
slice thickness of 15 mm for a gradient amplitude of 4.0 G/cm. A
flyback gradient was used and the RF has a 0.081 G peak ampli-
tude. The nonuniform kz � t sampling has been corrected so this
pulse has no chemical-shift misregistration, as seen by the identi-
cal spatial extent across the frequency range of interest in Fig. 1c.

The response was specified around the pyruvate, lactate, ala-
nine, and pyruvate-hydrate resonances with a bandwidth of
±0.4 ppm (±13 Hz at 3 T), shown by the dashed lines in Fig. 1b.
Pyruvate was designed for a 1� flip with a 0.1% ripple so the major-
ity of the hyperpolarization is preserved. Lactate and alanine were
designed for a 10� flip and 1% ripple to provide enough SNR for
observation. The pyruvate-hydrate flip angle was minimized be-
cause saturation of the hydrate magnetization may also saturate
the pyruvate magnetization. While keeping the pulse duration less
than 20 ms, a 4� flip with 10% ripple was achieved.

Fig. 2 shows the pulse used for the mouse experiments in which
an echo-planar gradient was used and no pyruvate-hydrate was
excited. This pulse was 20.1 ms with a spatial TBW of 3.0, 1% ripple,
a 5 mm minimum slice thickness for a 4.0 G/cm gradient, and a
peak amplitude of 0.11 G. It was designed to have a 60� flip with
2% ripple for lactate and alanine, a 6� flip with 1% ripple for pyru-
vate, and no pyruvate-hydrate excitation with a 2% ripple. A
±0.4 ppm bandwidth was used around each peak, and the designed
bands are the dashed lines in Fig. 2b.

3.2. Imaging sequence

The pulse sequence used for dynamic MRSI is shown in Fig. 3.
The multiband excitation pulses described previously in this sec-
tion were followed by two hyperbolic secant adiabatic refocusing
pulses. There is no time for correct B1 calibration during the hyper-
polarized experiment, and the pair of adiabatic pulses ensured that
no magnetization was lost due to flip angle inaccuracies while
forming a spin–echo [23].

During the readout, a flyback echo-planar gradient was used to
encode both spectral and spatial information [24]. This gradient
was 101.48 ms with a spectral resolution of 9.83 Hz and a 581 Hz
spectral bandwidth to include all metabolites of interest. A full
echo acquisition was used for improved SNR and to allow for mag-
nitude spectral reconstructions [25]. This sequence was repeated
for 8 phase encode steps, resulting in a 16 � 8 effective matrix.

3.3. Animal experiments

Experiments were performed on a GE Excite 3 T clinical MRI
system (GE Healthcare, Waukesha, WI, USA) with 40 mT/m,
150 mT/m/ms gradients and a broadband RF amplifier. Custom
built, dual-tuned rat and mouse birdcage coils were used for RF
transmission and signal reception. For the hyperpolarized experi-
ments, the RF transmitter gain was determined based on previous
phantom experiments, and was estimated to be within ±10% of the
appropriate value. The center frequency was calibrated using a syr-
inge filled with a 1.77 M concentration of 13C lactate inserted next
to the animal in the coil. A compound consisting of 13C pyruvic acid
and the trityl radical (GE Healthcare, Oslo, Norway) was polarized
in a HyperSense DNP (Oxford Instruments, Abingdon, UK) at 3.35 T
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Fig. 1. Multiband excitation pulse with a flyback gradient and a 15 mm slice thickness. (a) RF pulse—real (solid) and imaginary (dashed) components—and accompanying
gradient. (b) Spectral profile, with specified bands (dashed lines) for pyruvate (pyr) of a 1� flip, a 10� flip for alanine (ala), a 4� flip for pyruvate-hydrate (pyr-H2O), and a 10�
flip for lactate (lac). (c) Spectral and spatial profile.
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Fig. 2. Multiband excitation pulse with an echo-planar gradient, 5 mm slice thickness, and no pyruvate-hydrate excitation. (a) RF pulse—real (solid) and imaginary (dashed)
components—and accompanying gradient. (b) Spectral profile, with specified bands (dashed lines) for pyr of a 6� flip, ala and lac of a 60� flip, and 0� flip for pyr-H2O. (c)
Spectral and spatial profile.
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and a temperature of 1.4 K. An aliquot was taken and injected into
a polarimeter to measure the percent polarization. The pH was
monitored using the aliquot and other excess pyruvate.

All animal studies were carried out under a protocol approved
by the UCSF Institutional Animal Care and Use Committee. The
rat experiments had 10 mm in-plane resolution and a 15 mm slice
for 1.5 cc voxels. TE = 160 ms and TR = 625 ms were used, with a
temporal resolution of 5 s. A total of 20 time points were acquired
starting at the beginning of the pyruvate injection. For 8 phase en-
codes, the pyruvate had an expected loss of 0.12% of the magneti-
zation for the 1� flip. The lactate and alanine expected loss, with
the desired flip angle of 10�, was 11%, while the pyruvate-hydrate
was 1.9% for the 4� flip.

The hyperpolarized pyruvate was dissolved to 100 mM, and
2.2 mL of this solution was injected into the tail vein of a rat over
12 s. Kidney slices were chosen because of their high accumulation
of pyruvate and metabolites. The multiband pulse shown in Fig. 1
was compared to standard slice-selective RF pulses designed with
the Shinnar-Le Roux algorithm [26] using flip angles of 5� and 10�.
The standard pulse replaced the multiband pulse in the sequence
shown in Fig. 3. The comparisons of a constant flip and a multiband
pulse were performed within one hour of each other on the same
animal at identical locations.

A transgenic adenocarcinoma of mouse prostate (TRAMP)
mouse with an advanced tumor was imaged with this dynamic
2-D 13C MRSI sequence using a 5 mm slice and a 5 � 5.4 mm in-
plane resolution for 0.135 cc voxels. TE = 160 ms, TR = 250 ms,
and a temporal resolution of 5 s were used. A total of 20 time
points were acquired starting at the beginning of the pyruvate
injection. An intravenous catheter placed in the jugular vein was
used for injecting 350 lL of 80 mM hyperpolarized pyruvate solu-
tion over 12 s. The imaging slice was centered on the tumor. A var-
iable flip angle scheme was used across all images to minimize
blurring and increase the flip angle in later images [27,28]. As
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shown in Fig. 2, the pulse had a final flip angle of 60� for lactate and
alanine, 6� for pyruvate, and 0� for pyruvate-hydrate. The prior flip
angles were calculated for a constant lactate and alanine signal,
and the pulse was scaled accordingly:

hlac=ala½n� ¼ tan�1ðsin hlac=ala½nþ 1�Þ ð1Þ
hpyr½n� ¼ ðhlac=ala½n�=hlac=ala½nþ 1�Þhpyr½nþ 1�; ð2Þ

where n is the excitation pulse number. This resulted in an initial
flip angle of 4.5� for lactate and alanine, where 2.5% of the magne-
tization was used per image. This progressed to 7� at 60 s (6.5%
magnetization used) and 12� at 85 s after injection (16.2% magneti-
zation used per image). The initial pyruvate flip angle was 0.5�,
using only 0.03% of the magnetization, and progressed to 0.6� 40 s
after injection (0.04% used) when pyruvate was last observed.

4. Results

The in vivo results in Figs. 4 and 5 compare 5� and 10� excitation
pulses to the multiband excitation pulse shown in Fig. 1. In com-
parison to the 5� pulse (Fig. 4), the multiband pulse shows substan-
tial increases in SNR and signal duration for lactate and alanine
throughout the slice. The pyruvate signal is scaled down in the
5� pulse plots in Fig. 4c and d, and was lower by approximately
the expected factor of 5. The pyruvate-hydrate signal is similar be-
tween the experiments, as expected. The measured polarizations
were 18.3% (5�) and 18.9% (multiband).

In Fig. 5, the flip angle at the lactate and alanine resonances was
10� for both pulses. This was tested before the experiment by
acquiring spectra of the 13C lactate syringe with the multiband
pulse centered at different frequencies, and was confirmed by
the nearly identical SNR of the syringe during the experiments
(top-right voxel in Fig. 5b). The spectra in Fig. 5b, acquired 22.5 s
after injection, also show generally increased SNR for lactate and
alanine with the multiband pulse, which is particularly evident
in the highlighted and posterior voxels. The measured polariza-
tions were similar: 21.8% for the 10� pulse and 19.6% for the mul-
tiband pulse. Pyruvate and pyruvate-hydrate SNR was reduced
with the multiband pulse, as expected.

The change in SNR is also shown in the dynamic curves in Fig. 5c
and d. The pyruvate signal, scaled differently in the plots, had
approximately the expected factor of 10 difference between the
pulses. The lactate and alanine SNR is increased when the pyruvate
flip angle is smaller presumably because more hyperpolarized
pyruvate 13C signal was retained throughout the repetitive pulsing.
The time course of the metabolites also was observed to be gener-
ally lengthened, which is particularly noticeable for lactate in
Fig. 5d.

The TRAMP mouse experimental results using the echo-planar
pulse with a 5 mm slice thickness (Fig. 2) is shown in Fig. 6, which
had a polarization of 17.8%. The coronal slice used covers a large
portion of the body, only a section of which is shown. Substantial
lactate 13C signal was detected in the tumor with a lengthened
time course, which is consistent with previous results [7]. The ala-
nine in the liver can also be observed by this slice. The variable flip
angle scheme used results in increased SNR at later time points,
which allows for a longer observation of the metabolite
distribution.
5. Discussion

The multiband pulses used in these experiments were the result
of testing various pulse designs and balancing the tradeoffs be-
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tween SNR, observable time, and disruption of metabolite kinetics.
The desired flip angles and spectral bandwidths can be modified to
adjust these tradeoffs depending on the application, as demon-
strated by the two RF pulses shown. The pulse in Fig. 1 uses a ro-
bust flyback gradient design and does not substantially perturb
the magnetization for each acquired image. The pulse in Fig. 2
was designed to not excite the pyruvate-hydrate in order to reduce
pyruvate saturation due to exchange and also with larger flip an-
gles to use up more of the metabolite magnetization in later
images. For kinetic modeling, it may be desirable to alter the pulse
design and increase the pyruvate SNR for improved data fitting
[29].

The apparent T2 values in vivo for the observed 13C-labeled
metabolites has been measured to be between the hundreds of
ms up to several seconds [30], and the shortest observed compo-
nent was 110 ms. Since this is nearly an order of magnitude greater
than the excitation pulse durations of 16.2 and 20.1 ms, the effect
of decay during the pulse is relatively small and results in a de-
creased flip angle of 5–10% for this shortest observed component.
For the many longer components observed, the effect of decay is
negligible. The TE of 160 ms used in the experiments is on the or-
der of these shortest T2 components. However, it has been previ-
ously shown in hyperpolarized 13C MRSI that using a longer
TE = 140 ms with a symmetric echo acquisition provides consis-
tently better SNR in vivo when compared with a half echo and a
shorter TE = 35 ms [25].

This pulse design approach can also be extended to other sub-
strates and metabolite products, and also to different field
strengths. The convex optimization spectral filter design algorithm
used allows for arbitrary filter specifications, within the achievable
design limitations, which makes these extensions to the pulse de-
sign relatively straightforward. Another way to increase the flexi-
bility of the pulse design is to allow the desired spectral bands to
alias, provided the band amplitudes are self-consistent when they
overlap [16]. This can reduce the minimum sampling frequency,
Fmin, allowing for wider gradient lobes which, in turn, can be used
for higher spatial TBWs or narrower minimum slice widths. The
aliasing bands also would be particularly valuable for applications
with a broader required bandwidth.

This method can simply be modified for 3-D MRSI by adding a
second phase encode direction. Compressed sensing acquisition
and reconstruction techniques can also be combined with this
method for improved temporal resolution, spatial resolution, or in-
creased volumetric coverage, all without increasing the number of
RF excitations required [31,32].

The mouse experiment shown in Fig. 6 used a simple variable
flip angle scheme to keep the expected signal level constant be-
tween phase encodes thus minimizing blurring. To use up all of
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the magnetization, as could be desirable for kinetic modeling, a fi-
nal flip angle of 90� is required, which can be precisely designed
using a Shinnar-Le Roux [26] spectral–spatial design. A more com-
plex variable flip angle scheme could also be applied across the
images to get the most SNR. For example, only 16.2% of the lactate
magnetization was used at 85 s, when lactate was last observed in
Fig. 6, and using a larger percentage of this magnetization at these
last time points may have increased the overall duration of the ob-
servable lactate. Determining the flip angle variations requires
assumption of T1s or dynamic curves, which could be based on pre-
vious in vivo dynamics. By using different multiband pulses, the
flip angle could also vary both spectrally and temporally. For exam-
ple, the pryuvate resonance, whose signal decays faster, would re-
ceive a flip angle that would increase sooner, while the lactate and
alanine flip angles would increase later since their magnetization
decays later.

6. Conclusion

We have presented a method using specialized RF pulses for dy-
namic hyperpolarized 13C MRSI with improved SNR over previous
methods. The multiband, variable flip angle RF pulses provide im-
proved SNR and longer time courses for the metabolic products
over constant flip angle schemes, as demonstrated by the in vivo
results. Using this method allows for observation of spatial varia-
tions of the substrate uptake, metabolite kinetics, and metabolic
time constants.
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