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Abstract
Metabolic imaging of hyperpolarized [1-13C]pyruvate co-polarized with [13C]urea by dynamic
nuclear polarization with rapid dissolution is a promising new method for assessing tumor
metabolism and perfusion simultaneously in vivo. Novel pulse sequences are required to enable
dynamic imaging of multiple 13C spectral lines with high spatiotemporal resolution. The goal of
this study was to investigate a new frequency-specific approach for rapid metabolic imaging of
multiple 13C resonances using the spectral selectivity of steady state free precession pulse trains.
Methods developed in simulations were implemented in a dynamic frequency-cycled balanced
SSFP pulse sequence on a 14.1T animal MRI scanner. This acquisition was tested in thermal and
hyperpolarized phantom imaging studies, and in a transgenic mouse with prostate cancer.

Introduction
Aperiodic train of RF pulses has a frequency response that is periodic with 1 / TR, resulting
in frequency-dependent signal modulation if TR is less than or on the order of T2[1].
Although the spectral selectivity of steady state free precession (SSFP) pulse trains has been
variously utilized in 1H imaging applications [2–4], hyperpolarized 13C imaging
applications have yet to exploit it. In the prior 13C studies, either a single metabolically
inactive agent was imaged (i.e. for angiography or perfusion imaging)[5–8], or a uniform
excitation profile was assumed for multiple resonances, requiring reconstruction by Dixon-
type multi-echo methods[9]. The characteristic sparse spectra with long T2 relaxation times
of hyperpolarized 13C studies suggest use of the SSFP frequency response for rapid
spectrally selective imaging of multiple resonances. In this work, we propose a novel
frequency-specific approach to hyperpolarized 13C metabolic imaging utilizing SSFP.

Metabolic imaging of [1-13C]pyruvate co-polarized with [13C]urea, enabled by new rapid
dissolution methods for dynamic nuclear polarization (DNP)[10], is a promising new
method for characterization of tumor metabolism and perfusion simultaneously in vivo [11,
12]. Several previous clinical studies with other imaging modalities have shown that a
perfusion-metabolism mismatch is associated with adverse disease features in certain human
cancers[13–15]. To investigate the significance of the perfusion-metabolism mismatch using
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hyperpolarized 13C agents, novel pulse sequences are required to enable metabolic imaging
with high spatiotemporal resolution. The goal of this study was to demonstrate the feasibility
of using frequency specific SSFP for dynamic imaging of co-polarized [1-13C]pyruvate
and[13C]urea in vivo.

Methods
Theory and Simulations

The transient frequency response of hyperpolarized magnetization to a series of RF pulses
was modeled and computed in simulation. The hyperpolarized case differs from the thermal
case in that no traditional steady state is reached. T1 recovery was eliminated, and decaying
T1 and T2 relaxation processes were also ignored, assuming a relatively short pulse train.
Under these assumptions along with the small flip angle or Fourier approximation[16], the
transverse magnetization formed in response to a transverse RF magnetic field B1(t) is

where Δω is the offset from transmit frequency, M0 is the initial longitudinal magnetization,
and γ is the gyromagnetic ratio. Then for a periodic pulse train with spacing TR, the
transverse magnetization after n pulses is

where α is the flip angle of each individual pulse.

Magnetization was evolved over 36 pulses with α= 0.5–2.0° and allowable TR’s= 1.44ms
and 2.23ms, over a frequency range of ±75Hz (±0.5ppm at 14.1T). The minimum possible
TR on the scanner for a resolution of 2.5mm was 1.34ms, which is desirable for greatest
bandwidth of response. However, it was necessary to increase the TR to these allowable
values for two reasons: 1) to improve the SNR efficiency by increasing the readout time, and
2) to maximally avoid excitation of any other peak near integer multiples of 1 / TR from any
deliberately excited spectral peak, due to periodicity of the spectral response. The
approximate Larmor frequencies for pyruvate hydrate, lactate, and urea relative to pyruvate
at 14.1T are approximately +1260Hz, +1854Hz, and -1107Hz, respectively. When
considering imaging of pyruvate, lactate, and urea, a set of optimal TR’s can be derived
based on these chemical shifts for which avoidance of periodic spectral overlaps (including
onto pyruvate hydrate) is maximized. The minimum avoidance between each imaged
metabolite’s spectral response and any other peak was computed and plotted for a range of
TR=1.34–3.33ms, and shown in Figure 1. Allowable TR’s of 1.44ms (minimum avoidance
~100Hz) and 2.23ms (minimum avoidance ~70Hz) were selected as two maxima taken from
this analysis.

To improve the bandwidth of the response, the addition of a pair of adjacent frequency-
specific SSFP acquisitions on either side of the center frequency was also simulated, with
weighted complex combination of the resulting individual images, based on their known
frequency profiles. Magnitude combination could be used, but phasing of these images
before summation compensates for the differential phase of a given isochromat on the
individual component images due to varying offsets from the respective center frequencies,
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and therefore improves the composite profile. A constant phase correction factor was
applied based on differential phase at the center lineof k-space, given by

where Ndummy is the number of dummy cycles, Ny is the number of phase encodes, and Δω is
the frequency offset of the component acquisition.

Potential blurring effects along the phase direction due to the slow signal variation over the
imaging pulses were estimated by computing the on-resonance point spread function (PSF).
The PSF is approximately the Fourier transform of a linear filter across k-space, or

where Δx is the nominal spatial resolution, W is the sampled k-space width, m is the slope of
the k-space filter, and b is its value at kmin.

Hyperpolarization procedures
For the hyperpolarized phantom experiment, 15mg 99% [1-13C]pyruvic acid (neat) and
30mg 99% [13C]urea(6.4M in glycerol), both mixed with trityl radical (Oxford Instruments,
Oxford, UK) and 1.0–1.5mM Dotarem (Guerbet, Roissy, France), were loaded into the
Hypersense DNP polarizer (Oxford Instruments Biotools, Oxford, UK). The mixtures were
individually dispensed into the sample cup and frozen into well-separated layers before
loading into the polarizer, by immersion in a liquid nitrogen bath. Inside the polarizer, the
sample was placed in a magnetic field of 3.35T, cooled to 1.3K, and irradiated for ~1hr at
94.089GHz, and finally dissolved in a 4.5mL heated buffer solution. The resulting solution
(room temperature, pH ~7.3) was approximately equimolar for pyruvate and urea (40mM).
The solution was transferred to a NMR tube (i.d.= 10mm) and placed in the scanner. For the
in vivo study, the amounts were doubled to produce 80mM solutions. The mouse was
injected with 350µL of the co-polarized solution (room temperature, pH ~7.3) over 12
seconds, followed by a short saline flush. Scanning was initiated at the end of injection,
beginning with the automated frequency setting procedure described below, followed by
dynamic imaging.

MRI Experiments
The frequency-specific SSFP pulse sequence was implemented on a 14.1T Varian 600WB
micro imaging system (Agilent Technologies, Santa Clara, California, USA), equipped with
55mm 100G/cm gradients and insert volume RF coils for 1H and 13C (L= 4 cm, D= 4 cm for
both) supplied by the manufacturer. A product 2D balanced SSFP (‘true SSFP’) pulse
sequence was modified to run dynamically and to cycle among center frequencies for
pyruvate, lactate, and urea at each dynamic time point.

Two phantom experiments were conducted for sequence testing. First, two small syringe
phantoms (i.d.= 3mm) containing enriched [13C]urea(8M) and [1-13C]lactate (5.5M),
respectively, were scanned. Second, a co-polarized solution of pyruvate and urea
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(equimolar, 40mM) was transferred to a NMR tube(i.d.= 9mm) and scanned dynamically
every 3 seconds over 87 seconds (30 timepoints). Both phantom scan parameters were: TE /
TR = 0.72ms / 1.44ms, α= 0.6°, matrix= 24 × 24, FOV= 6cm, spatial resolution= 2.5mm ×
2.5mm, slice thickness= 10mm, BWread= 208.0 kHz, dummy cycles= 12, RF pulse= 100µs
Gaussian, scan duration= 52ms per frequency.

A transgenic mouse with prostate cancer (transgenic adenocarcinoma of mouse prostate, or
TRAMP[17]) bearing a large prostatic tumor mass (gross tumor dmax= 2.5cm) was also
scanned after jugular injection of co-polarized pyruvate and urea. The parameters for
dynamic in vivo hyperpolarized imaging wereas follows: TE / TR = 1.12ms / 2.23ms, α=
1.5°, matrix= 16 × 16, FOV= 4cm, spatial resolution= 2.5mm × 2.5mm, slice thickness=
10mm, BWread = 28.4kHz, dummy cycles= 4, RF pulse= 100µs Gaussian, scan duration=
45ms per frequency. For each in vivo metabolite, the center frequency and two adjacent
frequencies at ±25Hz were scanned, and the images were combined using weighted complex
combination. For the hyperpolarized studies, the pyruvate center frequency was determined
and set automatically by homebuilt scanner software, based on the position of the
hyperpolarized pyruvate peak in a spectrum from the imaged slice (α= 1°), acquired just
prior to imaging. Center frequencies for urea and lactate were then also set with fixed offsets
from this frequency. A delay of 100ms was programmed between frequencies, for spoiling.
B0 and 13C Larmor frequency offset maps were generated over a 4×4×4cm3 region
(128×128×64) around the mouse prostate, based on two gradient echo 1H acquisitions
(ΔTE= 1ms) after high order shimming. A T2-weighted anatomic axial 1H image series
covering the entire mouse was also acquired, for overlay of the dynamic hyperpolarized
images using NIH ImageJ[18]. Animal studies were conducted in accordance with a
protocol approved by the Institutional Animal Care and Use Committee (IACUC).

Results
Simulations and Pulse Sequence Design

The transient SSFP frequency response for hyperpolarized spins in the limit of low flip
angle has narrow bands of increasing signal spaced by 1 / TR. Outside of these bands, the
pulses have little effect on the magnetization. Signal stability over the imaging pulses is
improved by using a greater number of dummy cycles, but is traded against narrowing
bandwidth of the in-band response with a longer pulse train. Two frequency-specific SSFP
acquisitions were designed as described above in the Methods section for the phantom and
in vivo experiments respectively. As described above, both of the selected TR’s avoided
overlapping resonances at integer multiples of 1 / TR away from each center frequency.

For the phantom studies, the response bandwidth of a single acquisition per resonance was
sufficient, due to good shimming conditions. For the phantom parameters, the pass band
FWHM width of the frequency response was ~0.2ppm (Figure 2, column 1), which is
tolerable given that the slice center frequency was determined and set automatically by our
software, as described earlier, accounting for global B0 shifts. Avery low flip angle of 0.6°
was used, since SNR was not an issue at full concentration, and to minimize expenditure of
the hyperpolarized magnetization so that the data reflected nearly pure T1 decay. The
minimum TR with maximum readout gradient was used.

The parameters for the in vivo studies were adjusted to increase sensitivity at lower
concentrations of hyperpolarized material due to dilution in the animal. The flip angle was
increased to 1.5°. Considering the reduced number of pulses in the in vivo protocol (16
phase encodes versus 24, with 4 dummy cycles instead of 12), this was only expected to
raise the total flip angle and the SNR by about 25%. To increase the SNR efficiency, the
readout time was increased by reducing the gradient strength, and the other allowable TR of
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2.23ms was used. Even at the lower value, the readout gradient strength was more than
sufficient to prevent artifacts (~12 ppm/voxel). To preserve a similar overall train length, the
matrix size was reduced to 16, although the FOV was cut to maintain the spatial resolution.
The net effect, including the changes to both the excitation and the readout, was estimated to
produce about 2.2-fold overall SNR enhancement. The spectral response for this acquisition
is shown in Figure 2, column 2. To improve the frequency profile under poorer shimming
conditions, a composite profile (Figure 2, column 3) was synthesized by the weighted
complex combination of three image acquisitions per frequency (at 0Hz and ±25Hz). The
optimal frequency offset of 25Hz was equal to the FWHM of the individual response. The
acquired B0 maps showed that the composite profile (FWHM width ~0.4ppm) was well
suited for typical shimming conditions, as Larmor frequency offsets did not exceed ±20 Hz
in vivo (Figure 3).

MRI Experiments
Results of the phantom imaging experiments are shown in Figures 4 & 5. For the thermal
urea and lactate syringes, separate images of each syringe were produced (SNR ~5:1)by
changing the center frequency, with no detectable component at the position of the other
syringe. For the hyperpolarized scan, high SNR dynamic images of the co-polarized
pyruvate and urea were produced over 87 sec. The data fit well to decaying exponentials
with time constants of 37 sec (pyruvate) and 33 sec (urea).

The frequency-specific SSFP acquisition enabled rapid 2D dynamic imaging of
hyperpolarized pyruvate, lactate, and urea in the TRAMP mouse tumor. Images and
dynamic curves are shown in Figure 5. Observation of high lactate-to-pyruvate ratios within
the tumor region (e.g. lac/pyr= 0.8 at 30 sec post-injection) was consistent with previous
dynamic imaging studies with hyperpolarized [1-13C]pyruvate in the TRAMP model[19–
21].

Discussion
We have demonstrated a new method utilizing the low flip angle SSFP response for
obtaining dynamic frequency-specific images of multiple hyperpolarized compounds at high
spatiotemporal resolution. The resulting spatiotemporal resolution compares favorably with
other ultra-fast hyperpolarized metabolic imaging methods that utilize frequency-specific
spectral-spatial excitation [22]or non-Cartesian fast MRSI methods [23, 24]. The SSFP
approach described can yield a stable hyperpolarized signal over a limited bandwidth,
without large tip refocusing pulses that may cause excessive losses of hyperpolarized
magnetization due to miscalibration of transmit gain, or spatial B1 variation due to the RF
coil transmit pattern.

Automatic determination and setting of center frequencies was helpful for overcoming the
relatively narrow bandwidth of response. Based on the in vivo shimming data, and on the
good qualitative appearance of the images, our approaches were effective. Synthesis of an
optimized composite frequency response based on multiple acquisitions was feasible since
the frequency profiles were known, the individual acquisitions could be performed quickly,
and they have negligible impact on magnetization outside the pass band. The composite
approach was conceptually similar to a recent preliminary study that showed spectrally
resolved hyperpolarized 13C images can be reconstructed by fitting known frequency
profiles with data from multiple acquisitions with variable phase advance[25].

Results could be further improved by fully optimizing the SSFP pulse sequence. Due to
practical sequence programming issues, we were unable to approach the theoretical limit of
SNR efficiency for the given resolution as determined by gradient performance limits.
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Finally, custom SSFP acquisitions with further optimized spectral selectivity, such as
alternating TR[26, 27] or amplitude- or phase-modulated RF pulse trains may be well suited
for applications of hyperpolarized 13C metabolic imaging.
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Figure 1.
Determination of allowable TR’s for SSFP metabolic imaging of [1-13C] pyruvate. Plot
shows the minimum avoidance of overlap between any deliberately excited spectral peak’s
spectral response (among pyruvate, lactate, and urea) and any other significant present peak
(pyruvate, pyruvate hydrate, lactate, and urea), as a function of TR.
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Figure 2.
Small flip angle SSFP response of hyperpolarized magnetization near resonance, for
phantom (column 1) and in vivo (columns 2&3) scan parameters described in text.
Transverse magnitude (row A) and phase (B) of hyperpolarized magnetization during pulse
train, and remaining longitudinal component (C).On-resonance PSF along phase direction
due to signal variation during pulse train (solid black line), as compared to ideal PSF (dotted
red line) (D).Column 3 shows the broadened composite frequency profile obtained by
complex weighted combination of three acquisitions at different center frequencies (0 Hz,
−25 Hz, 25 Hz).
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Figure 3.
In vivo shimming conditions for prostatic region of TRAMP mouse, derived from high
resolution B0 maps. Mean 13C Larmor frequency offset across sample (A) andintravoxel
standard deviation (B), in axial slice with 2.5×2.5×10mm3 voxels (same slice as
hyperpolarized data in Figure 6).
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Figure 4.
Frequency-specific axial bSSFP images of [13C]urea (left) and [13C]lactate (right) syringes,
created by moving the center frequency of the RF pulse. Respective horizontal signal
profiles through syringe are also shown.
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Figure 5.
Dynamic frequency-specific bSSFP images of syringe containing 40 mM solution of co-
polarized pyruvate (top) and urea (bottom), acquired every 3 seconds (left-to-right). Plots
show image SNR (solid line) and exponential fits to the data (dotted red line).
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Figure 6.
Axial dynamic imaging of hyperpolarized 13C pyruvate, lactate, and urea in prostate tumor
of TRAMP mouse, and plots of mean dynamic hyperpolarized signals within tumor region
as identified on anatomic imaging.
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