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One of the challenges of optimizing signal-to-noise ratio (SNR)
and image quality in 13C metabolic imaging using hyperpolar-
ized 13C-pyruvate is associated with the different MR signal
time-courses for pyruvate and its metabolic products, lactate
and alanine. The impact of the acquisition time window, varia-
tion of flip angles, and order of phase encoding on SNR and
image quality were evaluated in mathematical simulations and
rat experiments, based on multishot fast chemical shift imaging
(CSI) and three-dimensional echo-planar spectroscopic imag-
ing (3DEPSI) sequences. The image timing was set to coincide
with the peak production of lactate. The strategy of combining
variable flip angles and centric phase encoding (cPE) improved
image quality while retaining good SNR. In addition, two as-
pects of EPSI sampling strategies were explored: waveform
design (flyback vs. symmetric EPSI) and spectral bandwidth
(BW � 500 Hz vs. 267 Hz). Both symmetric EPSI and reduced
BW trended toward increased SNR. The imaging strategies
reported here can serve as guidance to other multishot spec-
troscopic imaging protocols for 13C metabolic imaging
applications. Magn Reson Med 62:1–10, 2009. © 2009 Wiley-
Liss, Inc.
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MR spectroscopic imaging of hyperpolarized 1-[13C]-pyru-
vate (noted herein as 13C-pyruvate) is a promising tech-
nique for mapping metabolic activity in vivo, as demon-
strated in recent animal studies (1–9). This method uses
dynamic nuclear polarization (DNP) and a rapid in-field
dissolution process to produce a highly polarized meta-
bolic contrast agent (10). In less than 1 min following
injection, 13C-pyruvate and its metabolic products 1-[13C]-

lactate (noted herein as 13C-lactate), 1-[13C]-alanine (noted
herein as 13C-alanine), and 13C-bicarbonate can be mapped
at relatively high spatial resolution. This technology is
especially promising in oncology, where lactate levels
have been shown to correlate with disease progression (11)
and response to therapy (12).

The primary goal of this study was to optimize detection
signal-to-noise ratio (SNR) and image quality in metabolic
images of both 13C-lactate and 13C-pyruvate in multishot
acquisition. The work was focused on strategies to mini-
mize detection and image quality limitations associated
with multiple metabolites, each with very different dy-
namics. Previous, nonspectroscopic studies have reported
flip angle and phase-encode order strategies to optimize
SNR and reduce image artifacts in hyperpolarized gas im-
aging (13–16). The impact of image timing relative to a
rapid variation of contrast medium concentration (17) has
also been reported. In this work, we examined the timing
and sampling strategies for spectroscopic imaging of hy-
perpolarized 13C-pyruvate and 13C-lactate, with a focus on
the different dynamic responses of each.

Following an injection of hyperpolarized 13C-pyruvate,
the in vivo pyruvate signal is typically many times larger
than the lactate signal, and has a very different time course
(3,4,8). Typically, the 13C-pyruvate signal increases rap-
idly, reaches a maximum shortly after the end of injection,
and then decays, due to T1 relaxation and metabolism.
Lactate signal increases gradually after the injection, peaks
at about 10 s after the pyruvate maximum, and reaches a
quasi-steady-state (signal plateau) lasting for 12–15 s be-
fore decaying. The quasi-steady-state is the result of com-
peting processes between lactate T1 relaxation and meta-
bolic conversion from pyruvate. Maximum lactate image
SNR is obtained by sampling during the lactate signal
plateau. The pyruvate signal typically varies rapidly dur-
ing the lactate plateau, and thus for imaging sequences that
use multiple excitations for phase encoding, the k-space
signal will be convolved with the change in signal, and
may result in image artifacts. In a recent study (9), we
reported the combined use of variable flip angles (VFA)
and centric phase encoding (cPE) as one strategy for re-
ducing these artifacts in single-slice fast two-dimensional
(2D) chemical shift imaging (CSI). In this work we provide
simulations and animal experiments to demonstrate the
advantage of this approach. A second goal of this study
was to sample the metabolic process in three spatial di-
mensions. We explored variations of echo-planar spectro-
scopic imaging (EPSI) sampling strategies and applied a
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gridding technique to include samples acquired during
both forward and return passage of EPSI in order to im-
prove the SNR while keeping the 5-mm spatial resolution,
16-Hz spectral resolution, and total scan time the same.
These sampling strategies were evaluated on rats and com-
pared with theoretical expectations.

MATERIALS AND METHODS

VFA, Imaging Window, and cPE

The VFA technique uses a series of progressively increas-
ing flip angles up to 90° in multiple excitations. The tech-
nique has been elegantly applied to hyperpolarized noble
gas imaging (13–16) in order to utilize all longitudinal
magnetization and maximize the SNR. When T1 is known,
the design of VFA incorporates the T1 value and yields
constant transverse magnetization at each excitation, pre-
venting T1 modulation of the signal of different phase
encode lines. For this work, the T1 of 13C-pyruvate solution
is about 60 s ex vitro but the T1’s of 13C metabolites in vivo
are difficult to measure because of the competing meta-
bolic processes. We designed the VFA based on the con-
stant level of lactate signal plateau observed in the dy-
namic study. This is legitimate for lactate when the acqui-
sition coincides with its signal plateau (Fig. 1). Then the

flip angle of the nth excitation, �n, is expressed as

�n � tan�1�sin��n�1��, [1]

where the flip angle of the last excitation is 90°. For phase
encoding matrixes of 12 � 12 and 16 � 16, the VFA starts
from 4.8° and 3.6°, respectively.

Figure 1 shows an example of dynamic curves acquired
on a rat following an injection of hyperpolarized 13C-pyru-
vate from a previous study (4). A 5° flip angle was applied
and an free induction decay (FID) of 2048 points over a
5-kHz spectral bandwidth (BW, spectral resolution �
2.4 Hz) was collected every 3 s. The dynamic scan and
injection started at the same time. The spectra in Fig. 1
show the chemical shifts of pyruvate and its metabolic
products. The three boxes in Fig. 1 illustrate a fast CSI
acquisition window of 17 s at three time delays: 15 s, 25 s,
and 35 s from the start of injection. When applying the
VFA design as described above and a time delay of 25 s, we
expect to obtain a fairly constant transverse magnetization
for lactate, and decreasing signal for pyruvate from exci-
tation to excitation. Consequently, the order of phase en-
coding should have little effect on the signal and image
quality of lactate but significant effect on those of pyru-
vate. Some tradeoff between SNR and image quality is
expected.

FIG. 1. Signal-time courses derived from dynamic 13C MR spectra acquired on a rat following an injection of hyperpolarized 13C-1-pyruvate
(4). The acquisition parameters were 5 kHz, 2048 points, 5° flip angle, and 3-s temporal resolution. The insert plot shows the changes of
spectra over time for lactate, pyruvate-hydrate, alanine, pyruvate, and bicarbonate peaks (from left to right). The three boxes illustrate the
time window of a typical 17-s fast CSI acquisition at three different time delays: 15 s, 25 s, and 35 s.
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Mathematical Simulation of 2D Fast CSI

Mathematical simulations were performed using dynamic
data from rats to model the dynamic behavior of pyruvate
and lactate. The impact of imaging time window, variation
of flip angles, and order of phase encoding on SNR and
image quality were simulated for fast CSI sequence. This
sequence (4) employed multiple excitations, each fol-
lowed by phase encoding gradients, data acquisition, and
spoiling gradients at the end of the readout. The repetition
time was minimized (TR � 84 ms) and the corners of
k-space were not sampled in order to reduce the total scan
time.

Three pairs of circles were simulated, each consisting of
a large circle (10-mm radius) and a small circle (3.75-mm
radius) to mimic various organ or tumor sizes in animals.
k-Space data were simulated for fast CSI 2D acquisition by
creating these circular phantoms using Bessel functions of
the first order, smoothed by a Gaussian filter of 1.07 cycles/
pixel (i.e., full-width half-maximum � 214 cycles/m), and
then sampled by a 16 � 16 matrix, with 20% reduction of
k-space coverage at the corners. A field of view (FOV) of
80 mm � 80 mm was used, resulting in a nominal resolu-
tion of 5 mm � 5 mm. The purpose of the Gaussian filter
was to smooth the sharp edge of the simulated phantoms
slightly to get rid of Gibb’s ringing after sampling. Without
smoothing, sharp phantoms sampled with very few pixels
(4 � 4 pixels for the large circles) would yield severe
Gibb’s ringing and make it difficult to evaluate the SNR
within the phantoms. Figure 2 shows the corresponding
images at each step of the k-space simulation. The in vivo
dynamic data of pyruvate (P), lactate (L), and alanine (A),
corrected for the successive 5° flip angles, were applied to
the three pairs of circles to mimic the in vivo signal (Fig.
2). Finally, complex random noise was added to the k-
space data such that the simulated lactate SNR matched

that of rat kidney acquired in vivo by using fast CSI with a
constant 10° and sequential phase encoding (sPE) order.
The same noise level was then used in all simulations. cPE
was implemented by prioritizing the order of sampling
points according to their distances (1/cm) to the origin of
k-space. This sorting method allows a more concentric
sampling pattern in k-space even if the FOV is anisotropic.

The simulation images were reconstructed by zero-fill-
ing k-space to 32 � 32 before Fourier transformation was
applied. Signal was obtained by averaging a 7.5-mm �
7.5-mm area at the center of each large circle. Noise was
calculated as the standard deviation of all voxels in a noise
image, constructed by using only the complex random
noise. The image quality was assessed by the broadening
of point spread functions (PSFs). Simulations were per-
formed to compare SNR and image quality at three time
delays: 15 s, 25 s, and 35 s; two phase encoding orders: sPE
and cPE; and two flip angle schemes: constant 10° vs. VFA.
Additional simulations were performed to evaluate the
SNR advantage of VFA when compared with a range of
constant flip angles.

3DEPSI Sampling Strategies

3D spectroscopic imaging can be rapidly acquired by using
3DEPSI types of sequences, which typically employ mul-
tiple excitations, each followed by phase encoding gradi-
ents and an EPSI gradient (9,18–21). The efficiency of EPSI
waveform design is characterized as the ratio of the data
collection period to the total period of the EPSI waveform.
Flyback EPSI (20,21) interleaves frequency-encoding gra-
dients with large rewind (or flyback) gradients to refocus
the transverse magnetization rapidly during the data ac-
quisition. It typically uses data collected during the pla-
teau of encoding gradients for image reconstruction and
does not acquire data with the rewind gradients. Although
not as efficient as the fully-sampled EPSI, flyback-EPSI is
an efficient compromise for proton imaging because of its
large gyromagnetic ratio and, hence, only a small fraction
of time spent on rewind gradients. But flyback EPSI is
much less efficient for 13C imaging. For 5-mm spatial res-
olution and 500-Hz spectral BW in 13C with 40 mT/m
gradient amplitude and 150 T/m/s slew rate, flyback EPSI
(Fig. 3; top) has an efficiency of only 46%. To increase the
efficiency for 13C, one would have to utilize higher perfor-
mance gradients, decrease the spatial resolution, or reduce
the spectral BW. Here we tested a flyback EPSI waveform
of a reduced spectral BW to 267 Hz (Fig. 3; bottom). In
addition, we explored the utility of a fully-sampled sym-
metric EPSI (Fig. 3; middle) designed for 5-mm resolution
and 500-Hz BW in 13C. These two EPSI waveforms were
tested against flyback EPSI of 500 Hz in terms of sampling
efficiency, SNR, and image qualities in 3D hyperpolarized
13C metabolic imaging of rats.

Animal Experiments

Experiment A: VFA/cPE in 2D Fast CSI

The imaging strategies of VFA/cPE and 10°/sPE were com-
pared on two rats using fast CSI at a 25-s time delay. Each
rat received three injections. The imaging strategies are
listed in Table 1a. A 10-mm axial slice was prescribed on

FIG. 2. Schematic diagram to illustrate the k-space simulation of
fast CSI acquisition using Bessel functions of the first order,
smoothed by a Gaussian filter, and then sampled by a 16 � 16
matrix, with 20% reduction in k-space corner coverage. The corre-
sponding images at each step of the k-space simulation are shown
here under “Object domain.” The intensity of pyruvate circles is
scaled down by a factor of three in all simulation images presented
in this work so that lactate and alanine circles can be easily seen in
the images.
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the rat in supine position to include at least one kidney.
The imaging matrix size � 16 � 16, FOV � 80 mm �
80 mm, spectral BW � 5 kHz, time points � 256 (spectral
resolution � 19.5Hz), and TR � 84 ms. k-Space coverage
was reduced by 20%. Total scan time was 17 s.

Experiment B1: VFA/cPE in 3DEPSI

We compared the VFA/cPE strategy to 10°/sPE in 3D im-
aging on three rats by using flyback 3DEPSI at BW �
500 Hz. A 40-mm axial slab was excited to cover both
kidneys. The EPSI train was applied in the right-left direc-
tion. Twelve phase encodings were applied in each of the
anterior-posterior (A/P) and superior-inferior (S/I) direc-
tions. The matrix size � 18 � 12 � 12, FOV � 90 mm
�60 mm � 60 mm, spectral BW � 500 Hz, time points �
32 (spectral resolution � 15.6Hz), TR � 90 ms, and total
scan time � 13 s.

Experiment B2: Reduced Spectral BW

The flyback EPSI with reduced spectral BW allows more
time for the frequency-encoding gradients to play out
while keeping the same maximum flyback gradients and,
hence, improves the flyback EPSI efficiency. The tradeoff
is spectral aliasing. The 13C MR spectrum consists of pyru-
vate, lactate, alanine, and pyruvate-hydrate peaks, spread
sparsely over 480 Hz at 3T, and a bicarbonate peak at about
–700 Hz from lactate (Fig. 1; inset). At BW � 267 Hz and
the center frequency close to alanine, aliasing is such that
both lactate and pyruvate peaks wrap in, the three major
peaks (lactate, alanine, and pyruvate) are about equally
spaced, and pyruvate-hydrate and pyruvate peaks overlap.
The latter elevates the total pyruvate signal with no down-
side as pyruvate-hydrate is not metabolically active and is
in rapid exchange with pyruvate. The bicarbonate peak

wraps in and overlaps with alanine peak. This could be a
drawback for applications that are concerned about bicar-
bonate or alanine signals. A flyback EPSI of BW � 267 Hz
and resolution � 5 mm was evaluated on four rats (Table
2) with VFA/cPE. All other imaging parameters are the
same as those in Experiment B1.

Experiment B3: Symmetric EPSI

A fully-sampled symmetric EPSI waveform allows us to
utilize the hardware limit in order to obtain either the
maximum spectral BW or maximum spatial resolution.
Using the maximum gradient amplitude � 40 mT/m and
maximum slew rate � 150 T/m/s, a maximum spectral
BW � 670 Hz can be achieved with a spatial resolution �
5-mm. Or, a maximum resolution � 3.3 mm can be ob-
tained with a spectral BW � 500 Hz. In this experiment, a
symmetric EPSI of BW � 500 Hz and resolution � 5-mm
was evaluated on four rats with VFA/cPE (Table 2). All
other imaging parameters are the same as those in Exper-
iment B1.

MR Hardware and RF Coils

The animal experiments were performed on a GE Signa
Excite 3T clinical scanner. A custom-built dual-tuned 1H/
13C coil was used for RF transmission and signal reception
(22). The proton coil is linear and the carbon coil is a
quadrature birdcage design. The transmit B1 of carbon coil
is homogeneous within an area of 9 cm in length (S/I
direction) and 7.5-cm diameter in-plane (axial).

Table 1
a. SNR of Fast CSI Data Acquired on Two Rats Using Two
Imaging Strategies*

Rat
Imaging

strategies
Polarization (%) nSNR_Lac nSNR_Pyr

1 VFA/cPE 25.7 59.6 312.0
1 VFA/cPE 26.3 47.5 276.0
1 10°/sPE 21.0 39.7 168.1
2 10°/sPE 24.4 42.6 132.1
2 10°/sPE 21.3 46.1 125.4
2 VFA/cPE 19.0 59.9 203.0

b. Average SNR of Lactate and Pyruvate for the Two
Imaging Strategies and SNR Enhancement Factors†

ave_SNR_Lac ave_SNR_Pyr

VFA/cPE 55.7 263.6
10°/sPE 42.8 141.8
SNR enhancement 1.3 1.9
Expected enhancement 1.7 2.6

*The percentage polarization listed is the liquid state polarization.
SNR was extracted from the left kidney of rats and then normalized
by its liquid state polarization to 20% (arbitrarily chosen) to remove
the variability due to different polarization in each acquisition.
†On average, the SNR of lactate was enhanced by a factor of 1.3
and pyruvate by a factor of 1.9 by applying VFA/cPE as compared
to 10°/sPE. The expected enhancement factors from the simula-
tions are also listed.
nSNR � normalized SNR, Lac � lactate, Pyr � pyruvate, VFA �
variable flip angle, cPE � centric phase encoding, 10° � constant
10° flip angle, sPE � sequential phase encoding, ave_SNR � av-
erage SNR.

FIG. 3. Gradient waveforms evaluated in this work: flyback EPSI at
500 Hz (top), symmetric EPSI at 500 Hz (middle), and flyback EPSI
at 267 Hz (bottom). The flyback EPSI waveform consists of cycles of
encoding and rewind gradients (as labeled). The symmetric EPSI
waveform consists of odd and even echoes (as numbered). The
dashed lines indicate the period at which data were collected for
reconstruction.
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Animal Preparation

Sprague-Dawley rats of 230–500 g body weight were used
for the imaging study. Animals underwent general anes-
thesia by isoflurane (2%–3%) inhalation. After rats were
transported to the MRI scanner, anesthesia continued by
delivering isoflurane (1%–2%) at 0.5 to 1.0 liters/min via a
long tube to a cone placed over the rat’s nose and mouth.
The rats were placed on a heating pad inside a rat coil to
maintain a body temperature of 37°C during the study. The
blood oxygen saturation, heart rate, and respirations rate
were monitored continuously. Hyperpolarized 13C-pyru-
vate solution was injected via a tail vein catheter. The rats
used in Experiment A received three injections, each of �3
ml and the rats used in Experiments B1–B3 received four
injections, each of 1.1 ml. The injection duration was 12 s
at an interval of about 1.5 h. Three to four injections were
administered in an animal over 5 to 6 h. Following the
completion of image acquisitions, the rats were eutha-
nized. All procedures followed the protocol approved by
the University of California, San Francisco Institutional
Animal Care and Use Committee.

Polarization Technique

Samples consisting of 13C-1-pyruvic acid and trityl radical
mixture were polarized by the DNP technique. The time
constant of the solid-state polarization build-up was about
14 min and it took 70 to 80 min to fully polarize a sample.
The dissolution procedure has been described elsewhere
(10). The dose concentration was 79 mM, which was ob-
tained by dissolving 44 mg 13C-1-pyruvic acid/trityl mix-
ture in 6.06 ml of trishydroxymethylaminomethane
(TRIS)/ethylene diamine tetraacetic acid (EDTA)/NaOH
dissolution medium. The time from the sample dissolved
to the start of injection was about 20 s. A small amount
(0.5–1 ml) of the dissolved pyruvate solution was with-
drawn about 10 s after the sample dissolved for liquid-

state polarization measurement using a low-field NMR
spectrometer (polarimeter). The percentage polarization
was calibrated, prior to the animal studies, by simulta-
neous measurements in the MRI system and the polarim-
eter. The polarization ranged from 17.2% to 26.5%. The
pH varied from 7.2 to 8.0.

MRI Protocol

For proton imaging, transmit gain (TG) was determined by
a standard automatic prescan protocol. A proton localiza-
tion scan was performed in three planes, followed by three
T2 fast spin-echo (FSE) high-resolution scans, one for each
orientation. For 13C imaging, the TG was adjusted manu-
ally using a bottle of corn oil prior to placing the animal in
the scanner. The TG of the RF coil was not sensitive to
variations in loading (22). The 13C imaging prescription
was based on the T2-FSE images. The 13C imaging proto-
cols are described earlier. A 5-ml syringe filled with �2 ml
of 1.77 M, 20% sodium 13C-1-lactate (Cambridge Isotope
Laboratories) was placed on top of the rat within the FOV
as a reference.

MR Data Reconstruction and Analysis

All data reconstruction and analysis were performed by
using custom programs in Matlab (The MathWorks, Inc.,
Natick, MA, USA). The fast CSI rat data were zero-filled to
32 � 32 in the spatial-frequency domains. No zero-fill was
applied to the time-domain. No apodization was applied
to any domain. The maximum magnitude of each metab-
olite peak was used to construct individual metabolite
maps.

For the flyback EPSI data analysis, zero-fill was applied
to right/left (R/L) and anterior/posterior (A/P) directions
but no zero-fill was applied in the S/I direction or in the
time domain. The final matrix size was 32 (time) � 64

Table 2
a. SNR of 3DEPSI Data Acquired on Four Rats*

Experiment Strategies lk SNR Pol (%) nSNR lk SNR Pol (%) nSNR lk SNR Pol (%) nSNR lk SNR Pol (%) nSNR

0 fb 500 VFA/
cPE

14.5 22.1 13.11 9.0 19.5 9.21 11.2 26.5 8.43 13.5 21.6 12.54

1 fb 500 10°/sPE 10.6 20.4 10.68 8.6 24.1 7.13 7.7 17.2 8.99 N/A N/A N/A
2 fb 267 VFA/

cPE
16.5 21.2 15.58 12.4 22.2 11.14 10.8 20.9 10.40 18.3 21.5 17.00

3 sym 500 VFA/
cPE

19.0 21.8 17.38 14.0 22.9 21.28 13.1 23.0 11.39 16.7 19.3 17.37

b. SNR Enhancement Factor Calculated With Respect to the SNR of 500-Hz fb-EPSI Experiment Using the VFA/cPE Strategy

Experiment Strategies
SNR Enhancement Factor

Expected
Rat 1 Rat 2 Rat 3 Rat 4 Average

0 fb 500 VFA/cPE 1 1 1 1 1
1 fb 500 10°/sPE 0.79 0.77 1.07 N/A 0.88 0.74
2 fb 267 VFA/cPE 1.19 1.21 1.23 1.36 1.25 1.28
3 sym 500 VFA/cPE 1.33 1.33 1.35 1.38 1.35 1.36

*Four EPSI strategies were tested on each rat, except for Rat 4. The Pol is listed for each experiment. SNR was extracted from lactate lk
SNR and then nSNR was calculated to 20% polarization for comparisons.
SNR � signal-to-noise ratio, 3DEPSI � three-dimensional echo-planar spectroscopic imaging, Pol � liquid state polarization, lk SNR � left
kidney SNR, nSNR � normalized SNR, fb � flyback, sym � symmetric, VFA � variable flip angle, cPE � centric phase encoding, 10° �
constant 10° flip angle, sPE � sequential phase encoding.
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(R/L) � 32 (A/P) � 12 (S/I). For the symmetric EPSI data
analysis, a gridding algorithm was applied to properly
correct for relative phase among samples in kx vs. time
domain using the designed symmetric EPSI trajectory as a
weighting function. Data were then zero-filled to 32
(time) � 64 (R/L) � 32 (A/P) � 12 (S/I) prior to Fourier
transformation.

Magnitude images of peak lactate and peak pyruvate
were displayed and used for SNR analysis. The maximum
signal of a 5-mm � 5-mm area on the left kidney was used
for SNR calculations. Noise was calculated as the standard
deviation of a large region (�70 mm � 50 mm) on a
magnitude image displayed at a chemical shift frequency
away from any metabolite peaks. The SNR was then nor-
malized (nSNR) by its liquid state polarization to 20%
(arbitrarily chosen) to remove the variability due to differ-
ent polarization in each acquisition.

RESULTS

Simulation

The fast CSI simulation using the in vivo pyruvate dy-
namic signal yields expected signal distribution in k-space
for the four imaging strategies (Fig. 4a–d; top). The corre-

sponding PSFs and their profiles are shown in Fig. 4 to
illustrate the image blurring anticipated for each scenario.
Images acquired with VFA are expected to be less blurry,
as suggested by the narrower PSF profiles. For all scenar-
ios, image blur is expected to be less severe for lactate and
alanine (not shown) because their dynamic signals are
relatively flat during the imaging window.

Mugler (14) showed that when the longitudinal magne-
tization is depleted only by the RF pulses, the optimal flip
angle for constant flip angle and sPE acquisition is about 5°
to 7° for 140 to 260 RF excitations. Therefore, we also did
fast CSI simulations from 3° to 10° constant flip angles
with sEP and the results are shown in Fig. 5a. The VFA/
cPE strategy is less advantageous when compared to sPE
with a constant flip angle of 5° to 7° when compared to
10°/sPE. The PSF of sPE and the 6° constant flip angle (Fig.
5b) approaches the PSF of VFA/cPE, implying that the
image quality should be comparable. Nevertheless, these
simulations (Fig. 5) were performed retrospectively and
compared to the 10° constant flip angle that was used in
our experiments. The rest of the report shows the 10°
constant flip angle simulation and experimental results.

Reconstructed simulation data using 10° flip angles at
three time delays are shown in Fig. 6. Note that the pyru-

FIG. 4. Simulated data for a constant 10° flip angle and VFAs in sequential vs. centric phase encoding orders based on the fast CSI
acquisition of a 16 � 16 matrix. The signal intensity in k-space (ky vs. kz; top row) was extracted from the pyruvate dynamic curve (Fig. 1;
red) at a 25-s time delay. The corresponding PSFs (center row) and their profiles (bottom row) plotted horizontally across the center of the
matrix are shown to predict the severity of image blurring. The PSF profiles of the constant flip angle schemes are both broader than those
of the VFA schemes, indicating that image blurring is expected to be more severe with a constant flip angle. The profile of the VFA/sPE
strategy is very similar to but perhaps slightly sharper than the profile of the VFA/cPE strategy.
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vate signal is scaled down by a factor of 3 so that lactate
and alanine circles can be easily seen in the images. The
quoted pyruvate SNR is also scaled by one-third. The early
imaging window (15 s) yielded very large pyruvate signal
but less lactate and alanine signals. At a 25-s delay and
with cPE, the lactate SNR is high but the image is blurry in
both dimensions (as is also indicated by the corresponding
PSF in Fig. 4). Overall, the SNR is higher with cPE than
with sPE.

Using VFA, the images are less blurry (Fig. 7) compared
to the constant flip angle counterparts (Fig. 6). The pyru-
vate SNR is the better with cPE than with sPE at any time
delay, as expected. The best lactate SNR is expected at a
25-s delay, either using sPE or cPE. At a 25-s delay, the best
image quality was observed for VFA/sPE (Fig. 7). Although
slightly inferior in image quality, the VFA/cPE strategy
yielded much better pyruvate SNR than VFA/sPE without
compromising the lactate SNR. We think the best strategy
overall is the combination of VFA and cPE with an acqui-
sition window delayed to coincide with lactate signal pla-
teau. This strategy is also expected to work the best for
3DEPSI acquisitions.

Animal Experiments

Experiment A: VFA/cPE in 2D Fast CSI

The liquid state polarization (Pol) and normalized SNR
(nSNR) extracted from the left kidneys are listed in Table
1a. The VFA/cPE enhances the lactate SNR by a factor of
1.3 and pyruvate SNR by a factor of 1.9 as compared to the
10°/sPE strategy (Table 1b). However, the enhancement
factors are smaller than the simulation predictions. In-flow
effect may be the main cause of this discrepancy; we will
discuss this below.

Experiment B1: VFA/cPE in 3D Imaging

The VFA/cPE strategy was compared to 10°/sPE in 3D
imaging on rats using flyback EPSI of 500-Hz BW. Figure 8
shows an example of four 3DEPSI acquisitions performed
on the same rat using the four sampling strategies de-
scribed in Materials and Methods. The lactate SNR of the
left kidney (lk_SNR) is listed in Table 2a for all the 3DEPSI
data. The SNR enhancement factor (Table 2b) was calcu-
lated as the ratio of nSNR relative to the VFA/cPE data.
The 10°/sPE strategy was only tested on three of the four
rats due to operational error of the polarizer. The 10°/sPE
SNR is 88% of the VFA/cPE SNR, larger than the predic-
tion from simulation (74%). Similar to the discrepancy
found in Experiment A, this may be due to in-flow effect.

Experiment B2: Reduced Spectral BW

FIG. 5. a: SNR enhancement fac-
tor of VFA/cPE compared to sPE
with a constant flip angle ranging
from 3° to 10°. b: PSF of 10°/sPE
(dashed line), 6°/sPE (dotted line),
and VFA/cPE (solid line).

FIG. 6. Reconstructed simulated images using constant 10° flip
angles at three time delays (15 s, 25 s, and 35 s) are shown here with
the estimated SNR for pyruvate (P), alanine (A), and lactate (L). Note
that the quoted pyruvate SNR has been scaled down by a factor of
3. The highest lactate SNR is expected with 25-s delay and cPE, but
the image is blurry in both dimensions. Images of sPE are sharper
but the SNRs are low for all metabolites.

FIG. 7. Using VFA, the best lactate SNR is expected at a 25-s delay.
Because the plateaus of lactate and alanine are fairly broad (�12 s),
when sampling on the plateaus, similar SNRs are obtained no
matter which PE order is applied. The pyruvate SNR, however, is the
best with cPE. Although the image of VFA/sPE may be slightly better
than the image of VFA/cPE, considering the SNR of all metabolites,
the best strategy is the combination of VFA and cPE.
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When the EPSI spectral BW is reduced to 267 Hz, both the
lactate and pyruvate peaks are aliased (Fig. 8c) and need to
be unwrapped in the image reconstruction to ensure the
pyruvate and lactate signals fall back to the correct spatial
location. Figure 8c shows the distribution of lactate signals
(color) consistent with that of other acquisitions on the
same rat. The efficiency of the 267-Hz flyback EPSI and the
500-Hz flyback EPSI is 75% and 46%, respectively. There-
fore, the SNR gain is expected to be 1.28 (� �0.75/0.46).
The rat data show an average SNR enhancement of 1.25
(Table 2b), consistent with the theoretical prediction.

Experiment B3: Symmetric EPSI

The quality of the lactate image is good (Fig. 8d). The
efficiency of symmetric EPSI is estimated to be 85% when
weighing the ramp samples by the sampling density.
Therefore, the symmetric EPSI waveform is expected to
gain a factor of 1.36 (� �0.85/0.46) in SNR when compared
with flyback EPSI of the same spatial resolution and spec-
tral BW. The rat data yielded an average SNR enhancement
of 1.35 (Table 2b), consistent with the theoretical expecta-
tion.

DISCUSSION

This work focused on strategies to optimize lactate image
quality and SNR while retaining those of pyruvate for

multishot acquisitions. First, the strategy was based on an
imaging acquisition window delayed to coincide with the
lactate signal plateau. Second, sampling of the lactate sig-
nal was optimized by applying VFA. The VFA was de-
signed based on the observed constant level of lactate over
the imaging window. Therefore, no assumptions were re-
quired with respect to the balance of T1 and metabolic
activity that created the lactate plateau. Under these con-
ditions, the choice of phase encoding order should not
affect the lactate SNR, as demonstrated by the simulation.
For pyruvate, the dynamic signal decreases during the
typical imaging window and, hence, the cPE strategy
yielded better pyruvate SNR than sPE. With a very slight
compromise in image quality but an overall good SNR,
VFA/cPE was chosen to be the best strategy for multishot
acquisitions based on the simulation and in vivo rat data of
this work. This strategy has also been applied on dog
prostate 13C imaging using clinical coils and the 3D flyback
EPSI sequence presented here, yielding good image quality
and SNR of dog prostate (8). Although this work focused
on lactate, the same strategy can be applied to alanine,
which may be of interest for liver disease applications.

The appropriate time delay depends on the period of
bolus injection and blood circulation time to the organ of
interest. In addition, the metabolic exchange rate is higher
at lower dose concentration (23) and, therefore, the lactate
signal tends to reach a plateau earlier, at lower doses. Our

FIG. 8. Axial in vivo 13C lactate images (color) acquired by using 3DEPSI on the same rat to compare the image quality and SNR of (a)
flyback EPSI, 500 Hz, VFA, cPE; (b) flyback EPSI, 500 Hz, 10° flip angles, sPE; (c) flyback EPSI, 267 Hz, VFA, cPE; and (d) symmetric EPSI,
500 Hz, VFA, cPE. The order of imaging acquisition was (a)-(d)-(c)-(b) and the same order applied for all four rats. For each data set, the
spectrum obtained from a 5 mm � 5 mm area on the left kidney (white box) is shown at the bottom. The reference is a syringe filled with
1.77 M 1-13C-lactate solution placed on the top of rat. The scan time was 13 s for each acquisition. The acquired spatial resolution was
5-mm isotropic and zero-fills were applied to generate the color metabolite maps. See Materials and Methods section for the acquisition
parameters and reconstruction method. The brightest lactate signal appears in the left kidney. Strong lactate signal is also found posterior
(on the top) of the left kidney on a structure that is possibly the spleen or pancreas.
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experience with repeated dynamic scans is that the timing
of lactate signal is fairly reproducible, as long as the injec-
tion method, dose concentration, the imaging organ, and
the animal species are the same. Therefore, it is reasonable
to use a priori timing information from a separate experi-
ment to determine the appropriate time delay. However,
when imaging organs in disease conditions, one should
acquire dynamic information on the diseased organ and
should not assume the uptake kinetics are the same as the
normal organ.

Since the 3DEPSI protocol was not randomized, alterna-
tion of pyruvate metabolism over several hours of isoflu-
rane anesthesia may be a concern for systematic errors. In
a different study (not shown) where repeated measure-
ments were performed three times in each of two rats with
identical acquisition parameters, no systematic trend was
found in lactate/pyruvate or alanine/pyruvate ratios dur-
ing 6-h anesthesia sessions, and the intrasubject variability
was 15% to 20%. In a recent dog study (8) with multiple
large-dose 13C-pyruvate injections, blood samples drawn
shortly before and after each pyruvate injection were ana-
lyzed for the amount of pyruvate and lactate in blood. The
results (not shown here) indicated that pyruvate metabo-
lism is rapid and no cumulative effect is expected at in-
tervals of 1.5 h. The dose per kg of body weight used in the
dog study is comparable to the 3-ml doses used in the rats
in this study.

The SNR enhancement using VFA/cPE was found to be
consistently low compared to the theoretical predictions.
This discrepancy is likely due to in-flow effect. The sim-
ulation did not take into account the signal change due to
in-flow for different flip angles used for imaging.The VFA
for a 12 � 12 matrix in 3DEPSI started at 4.8° and then
increased very slowly, with at least three-quarters of the
excitations less than 10°. Therefore, compared to the con-
stant 10° acquisition, the additional signal contribution
from in-flow would be less in the VFA acquisition. This
may explain the decrease of the advantage of VFA/cPE as
compared to 10°/sPE. For the fast CSI acquisition, 204
excitations were performed, and one may expect an even
larger discrepancy compared to the theoretical prediction.
The trend in our data indicated the same: the SNR en-
hancement measured in fast CSI was only about 76%
(�1.3/1.7 for lactate) of the enhancement predicted by
simulation, whereas in 3DEPSI, it was 84% (�0.74/0.88).
Another factor is the accuracy of the flip angle calibration.
However, this would affect both the VFA and constant flip
angle measurements and the effect is expected to be
smaller than the in-flow effect.

Symmetric EPSI improved the lactate SNR by 35% com-
pared to the flyback EPSI. There is no problem combining
the odd- and even-echo data when the data are properly
gridded on the kx vs. time domain. The effect of eddy
currents is expected to be insignificant in this work be-
cause for 5-mm resolution, the waveform amplitude was
2.2 mT/m, much less than the maximum 40 mT/m. The
close agreement between the theoretical and measured
SNR enhancement factors further demonstrates this. For
future imaging studies utilizing full gradient strength and
slew-rate, it is advisable to use the measured trajectories in
data gridding to eliminate potential image artifacts. The

symmetric EPSI has other advantages. Bicarbonate, a met-
abolic byproduct, as pyruvate, enters the tricarboxylic acid
cycle, has a chemical shift of about 700 Hz from lactate at
3T. With a spatial resolution of 5.6 mm and 720-Hz spec-
tral BW, it is possible to capture the bicarbonate peak by
using symmetric EPSI. It is also possible to use odd and
even echoes separately in order to gain spectral BW. How-
ever, N/2 aliasing peaks may appear due to uncertainties of
waveform timing, eddy current effects and T2*. The poten-
tial of symmetric EPSI for 13C imaging is worth exploring
further.

CONCLUSIONS

Hyperpolarized 13C imaging using variable flip angles and
cPE at an appropriate time delay yielded good SNR and
image quality of pyruvate and lactate, as demonstrated
here in simulation and rat experiments using 2D fast CSI
and 3DEPSI. In addition, two aspects of EPSI sampling
strategies were explored: waveform design (flyback vs.
symmetric EPSI) and spectral BW (500 Hz vs. 267 Hz).
Both yielded increased SNR, up by 35% from symmetric
EPSI and 25% from reduced BW. The imaging strategies
reported here can be applied to other multishot acquisi-
tions for hyperpolarized 13C metabolic imaging applica-
tions.
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