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Abstract

Purpose: The balanced steady-state free precession sequence has been previously explored

to improve the efficient use of non-recoverable hyperpolarized 13C magnetization, but suffers

from poor spectral selectivity and long acquisition time. The purpose of this study was to

develop a novel metabolite-specific 3D bSSFP ("MS-3DSSFP") sequence with stack-of-spiral

readouts for improved lactate imaging in hyperpolarized [1-13C]pyruvate studies on a clinical

3T scanner.

Methods: Simulations were performed to evaluate the spectral response of the MS-3DSSFP

sequence. Thermal 13C phantom experiments were performed to validate the MS-3DSSFP

sequence. In vivo hyperpolarized [1-13C]pyruvate studies were performed to compare the

MS-3DSSFP sequence with metabolite specific gradient echo ("MS-GRE") sequences for

lactate imaging.

Results: Simulations, phantom and in vivo studies demonstrate that the MS-3DSSFP se-

quence achieved spectrally selective excitation on lactate while minimally perturbing other

metabolites. Compared with MS-GRE sequences, the MS-3DSSFP sequence showed approx-

imately a 2.5-fold SNR improvement for lactate imaging in rat kidneys, prostate tumors in

a mouse model and human kidneys.

Conclusions: Improved lactate imaging using the MS-3DSSFP sequence in hyperpolarized [1-
13C]pyruvate studies was demonstrated in animals and humans. The MS-3DSSFP sequence

could be applied for other clinical applications such as in the brain or adapted for imaging

other metabolites such as pyruvate and bicarbonate.

Key words: bSSFP, 13C, Hyperpolarized, MRI, metabolic imaging, Pyruvate,

Lactate
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Introduction

Magnetic resonance imaging with hyperpolarized 13C-labeled compounds via dynamic nu-

clear polarization (DNP) has been used to non-invasively study metabolic processes in

vivo (1, 2). This method provides a transient signal enhancement of more than 10,000

fold compared to imaging 13C compounds at thermal equilibrium. However, as soon as the

pre-polarized 13C-labeled compound leaves the polarizer, its hyperpolarized state irreversibly

decay to the thermal equilibrium with a decay constant characterized by T1, which is typ-

ically less than one minute. Therefore, imaging approaches with fast readouts and efficient

use of hyperpolarized magnetization are favorable.

Hyperpolarized [1-13C]pyruvate has been widely used to monitor metabolic pathways in a

number of applications (3–8) and its feasibility for clinical applications has been demon-

strated (9–12). The MR signals of the hyperpolarized [1-13C]pyruvate (173 ppm) and its

downstream metabolites - [1-13C]lactate (185 ppm), [1-13C]pyruvate hydrate (181 ppm),

[1-13C]bicarbonate (163 ppm) and [1-13C]alanine (178 ppm) - are typically acquired using

gradient echo ("GRE") sequences (CSI (2, 13), multi-echo IDEAL (14, 15), metabolite spe-

cific EPI (16, 17) or spiral (18) acquisition) where the transverse magnetization is spoiled

at the end of each repetition time. Compared to GRE acquisitions, the balanced steady

state free precession ("bSSFP") (19–25) sequence can acquire the nonrenewable hyperpo-

larized magnetization more efficiently by repetitively refocusing transverse spins, which is

especially valuable for imaging metabolites with long T2s (23,26) such as [1-13C]pyruvate or

[1-13C]lactate.

Our work focuses on improving lactate imaging with hyperpolarized [1-13C]pyruvate injec-

tions using a bSSFP framework. Three bSSFP strategies for lactate imaging have been pro-

posed in the prior works. The first strategy (20) utilized a broadband pulse to excite all com-

ponents (i.e. pyruvate, lactate, bicarbonate, alanine, pyruvate-hydrate) in [1-13C]pyruvate

studies and decomposed the spectral information using multi-echo readouts. By acquiring
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all compounds at one time, this strategy limits the acquisition optimization (e.g. flip angle,

resolution) for individual metabolites and would require a longer acquisition time if not all

the compounds in the spectrum are of interest.

The second strategy (24) reduced the number of excited compounds - only excited lactate,

pyruvate hydrate and alanine - and applied a saturation pulse to suppress undesired signals

from alanine and pyruvate hydrate at the beginning of each bSSFP acquisition. There are

three main drawbacks in this strategy. Since the conversion between pyruvate hydrate and

pyruvate maintains an equilibrium in the liquid state (27, 28), the pre-saturated pyruvate

hydrate signal may recover and still contaminate lactate acquisitions at later bSSFP echoes.

Directly saturating pyruvate hydrate would also accelerate the loss of pyruvate magnetization

and reduce the signals of downstream metabolites. In addition, the saturation performance

may be imperfect in the regions where transmit B1 profile is not homogeneous.

The third strategy (25) excited one metabolite at a time (i.e. metabolite specific excitation)

without a suppression pulse and was applied for imaging [1-13C]urea, [1-13C]pyruvate and

[1-13C]lactate with the bSSFP sequence on a 14.1T scanner. To meet the constraint of

short TR in bSSFP sequence, this strategy designed a multiband RF pulse using a convex

optimization approach (29). Compared with single-band RF pulses, multiband RF pulses

could potentially shorten the RF duration by releasing the constraints on frequency ranges

of no interest. Our work adapted this strategy to a clinical 3T scanner.

This article presents a novel metabolite specific 3D bSSFP sequence ("MS-3DSSFP") with

stack-of-spiral readouts for improved dynamic lactate imaging in hyperpolarized [1-13C]pyruvate

studies on a clinical 3T scanner. A lactate specific excitation pulse was developed using a

previously described approach (29) and stack-of-spiral readouts were used to accelerate the

acquisition. The excitation profile of the newly designed RF pulse at the bSSFP state was

simulated to investigate the banding artifacts and to examine the spectral selectivity of the

RF pulse. Thermally polarized 13C phantom experiments were performed to validate the

MS-3DSSFP sequence. In vivo hyperpolarized [1-13C]pyruvate experiments were performed
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on healthy rats, prostate cancer mouse model and patients with renal tumors to compare the

MS-3DSSFP sequence with metabolite specific GRE ("MS-GRE") sequences, in the aspects

of signal-to-noise ratio (SNR), image artifacts and impact on other metabolites.

Methods

Sequence design and simulation

The MS-3DSSFP sequence (Figure 1) consists of a multiband RF pulse and a center-out 3D

uniform-density stack-of-spiral readout. The RF pulse was designed using a prior approach

(29) to minimize the pulse duration. This pulse had a duration of 9ms, a maximum B1 of

0.2195G, a 40Hz passband on lactate (0Hz), a 40Hz stopband with 5% ripples on pyruvate

hydrate (-128Hz) and 40Hz stopbands with 0.5% ripples on bicarbonate (-717Hz), pyruvate

(-395Hz) and alanine (-210Hz). The 3D stack-of-spiral trajectory consists of 16 stacks and

each stack consists of four 3.8ms interleaves. All gradients have zero net area over the course

of one repetition. A 6 pulse non-linear ramp preparation scheme (i.e. 4o, 16o, 24o, 36o,

48o, 60o for a flip angle of 60o) was used to achieve a stable frequency response while the

reverse-ordered pulses were used for tip back. The MS-3DSSFP sequence was implemented

on a GE Signa MR 3T scanner (GE Healthcare, Waukesha, WI) using a commercial software

(RTHawk, HeartVista, Los Altos, CA).

In the bSSFP sequence, TR determines the frequency locations of banding artifacts. A TR

of 15.3ms was used for the MS-3DSSFP sequence to maximize the distance between banding

artifacts and metabolite frequencies. The excitation profiles of the RF pulse and its averaged

transverse magnetization over all echoes of bSSFP acquisitions were simulated. Simulation

parameters are: number of RF pulses = 50, TR = 15.3ms, T1 = 30s, T2 = 1s, 6 non-linear

ramp preparation pulses, flip angle = 60o.
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The choice of flip angle for the bSSFP sequence in the hyperpolarized study is a tradeoff

between banding artifacts and preserving magnetization for dynamic imaging. Prior bSSFP

work (22) has shown a favorable use of large flip angle (>100o) to reduce banding artifacts.

However, to perform dynamic imaging in hyperpolarized studies, a small flip angle around

30o in MS-GRE acquisitions (30) (equivalent to 60o in the bSSFP sequence) was required to

maintain sufficient SNR for multiple time points. In our work, we used a flip angle of 60o to

achieve a compromise between the two considerations.

Phantom and Animal Experiments

To test the MS-3DSSFP sequence, phantom experiments were performed on a 13C-enriched

sodium bicarbonate syringe phantom (T1 ≈ 26s, T2 ≈ 1.5s) with a dual-tuned 1H/13C

transceiver birdcage coil. 3D images of the phantom were acquired along with proton images

and field maps. To test the excitation profile, 13C images were acquired with a center

frequency offset, both at excitation and at acquisition, by 0Hz, 128Hz, 210Hz, 395Hz, and

717 Hz relative to the phantom frequency, to mimic the images of lactate, pyruvate hydrate,

alanine, pyruvate and bicarbonate, respectively. At the frequency of each metabolite, 13C

images were also acquired with small frequency offsets from -30 to 30 Hz with a step of 10Hz.

Acquired data were always demodulated to the phantom frequency so that reconstructed

images wouldn’t be blurred due to off-resonance reconstruction.

Hyperpolarized [1-13C]pyruvate animal experiments were performed on healthy Sprague-

Dawley rats (N = 3) and transgenic adenocarcinoma of mouse prostate (TRAMP) mice (N

= 3) to test our MS-3DSSFP sequence in vivo. 13C/1H birdcage coils (8cm diameter for

rats, 5cm diameter for mice) were used. All animal studies were conducted under protocols

approved by the University of California San Francisco Institutional Animal Care and Use

Committee (IACUC). Both rats and mice were anesthetized with isoflurane (1-2%) delivered

via oxygen gas at 1L/min and placed in a supine position on a heated pad throughout the
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duration of the experiments. [1-13C]pyruvic acid (Sigma Aldrich, St. Louis, MO) mixed

with 15mM trityl radical (GE Healthcare, Waukesha, WI) and 1.5mM Gd-DOTA (Guerbet,

Roissy, France) was polarized in a 3.35T SPINlab polarizer (GE Healthcare, Waukesha, WI)

at 0.8K for ∼1h, resulting in a 80mM [1-13C]pyruvate solution, with final pH of 6-8. The

hyperpolarized [1-13C]pyruvate was injected into the animal via tail vein catheters, ∼3mL

for each rat and ∼350µL for each mouse.

Hyperpolarized 13C sequence parameters for animal experiments are shown in Table 1. Each

animal received two identical injections of same dose of [1-13C]pyruvate. Lactate signals were

acquired using the MS-3DSSFP sequence in one injection ("experiment A") but using a 3D

MS-GRE sequence (described below) in the other injection ("experiment B"). Pyruvate

and alanine signals were acquired using the same 3D MS-GRE sequence in both injections.

Such experiment design that different acquisitions were used for lactate while same MS-

GRE acquisitions were used for pyruvate and alanine, allows comparing the MS-3DSSFP

sequence with a MS-GRE sequence for lactate imaging, as well as examining the perturbation

of the MS-3DSSFP sequence on pyruvate and alanine signals. Bicarbonate signals were not

acquired due to its inherently low signals and would not provide sufficient signals to compare

between the two sequences. Flip angles shown in Table 1 were chosen based on previous

studies (31). A flip angle of 20o was large enough to see pyruvate signals at a reasonable

spatial resolution. A flip angle of 30o for lactate and alanine imaging aimed to maintain

sufficient SNR for multiple time points. From preclinical results, we found alanine signals

were generally low in the kidneys. Therefore, we chose to use a flip angle of 90o in clinical

studies to make sure we can see alanine signals at first couple of time points, although it was

not good for acquiring signals over multiple time points.

The 3DMS-GRE sequence consists of a single-band spectral-spatial excitation (130Hz FWHM

passband, 870Hz stopband) (32) and stack-of-spiral readouts. Each stack was a 22ms single-

shot spiral readout. The two injections shared the same spatial resolution, temporal reso-

lution and number of time points. The 3D MS-GRE sequence used 16 excitations for a 3D
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encoding and each excitation pulse used a flip angle of 7.67o so that the equivalent flip angle

of these 16 excitations was the same as a 60o flip angle used in the MS-3DSSFP sequence.

The effective flip angle θeq of N excitations with a flip angle of θ for each excitation is cal-

culated as arccos(cos(θ)N). Initial pre-scan frequency and power calibration were performed

on a 13C urea phantom which was removed before pyruvate injection. All acquisitions were

started 6s after the end of pyruvate injection. For each experiment, a 13C frequency spectrum

was acquired and real-time 13C B1 calibration (33) was performed right before metabolite

acquisition.

For rat experiments, an anatomical localizer was acquired using proton 3D bSSFP sequence

(FOV 16 × 16 × 17.92cm, Matrix size 256 × 256 × 112). For the TRAMP mice experiment,

an anatomical localizer was acquired using proton T2-weighted fast spin echo sequence (FOV

6 × 6cm, Matrix size 512 × 512). For all animal experiments, a B0 map was acquired using

IDEAL IQ sequence (FOV 32 × 32cm, Matrix size 256 × 256).

Human study

Hyperpolarized [1-13C]pyruvate human studies (N = 2) were performed to demonstrate the

feasibility of applying the MS-3DSSFP sequence (Figure 1) in the clinical setting. Patients

with renal tumors that required surgical removal were recruited under a UCSF institutional

review board approved protocol and provided with written informed consent for participation

in the study. An Investigational New Drug approval was obtained from the U.S. Food and

Drug Administration for generating the agent and implementing the clinical protocol. 1.47g

of Good Manufacturing Practices (GMP) [1-13C]pyruvate (Sigma Aldrich, St. Louis, MO)

mixed with 15mM electron paramagnetic agent (EPA) (AH111501, GE Healthcare, Oslo,

Norway) was polarized using a 5T SPINlab polarizer (General Electric, Niskayuna, NY)

before being rapidly dissolved with 130oC water and forced through a filter that removed

EPA. The solution was then collected in a receiver vessel and neutralized with NaOH and Tris
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buffer. The receive assembly that accommodates quality-control processes provided rapid

measurements of pH, pyruvate and EPA concentrations, polarization, and temperature. In

parallel, the hyperpolarized solution was pulled into a syringe (Medrad Inc, Warrendale, PA)

through a 0.2µm sterile filter (ZenPure, Manassas, VA) and transported into the scanner for

injection. The integrity of this filter was tested in agreement with manufacturer specifications

prior to injection. A 0.43mL/kg dose of ∼250mM pyruvate was injected at a rate of 5mL/s

via an intra-venous catheter placed in the antecubital vein, followed by a 20mL saline flush.

In human studies, 13C kidney images were acquired with in-house built clamshell transmit

coil and 8-channel paddle receive array (34). 13C sequence parameters for this study are

presented in Table 1. Similar as the experiment design in animal experiments, the patient

received two injections to compare the MS-3DSSFP sequence with MS-GRE sequences. The

MS-GRE sequence used in this study was a multi-slice 2D MS-GRE sequence with the

same excitation pulse and the same single-shot spiral readout as used in the animal studies.
13C dynamic imaging was started 6s after the bolus arrival in kidney which was monitored

by a bolus tracking sequence (33). Initial pre-scan frequency and power calibration were

performed on 13C urea phantom attached outside the receive coil, which was removed before

pyruvate injection. Real-time 13C frequency and power calibration (33) were performed on

the renal tumor and triggered upon bolus arrival. Proton anatomical reference was acquired

with a 4 channel paddle receive coil, using a 2D SSFSE sequence with FOV 38 × 38cm,

matrix size 512 × 512.

Reconstruction and Data Analysis

For all studies, gridding of k-space data were performed using Kaiser-Bessel gridding method

(35) (http://web.stanford.edu/class/ee369c/mfiles/gridkb.m) with an oversampling factor of

1.4 and a kernel width of 4.5. The gridded k-space data was then inverse Fourier transformed

to the reconstructed image. Multi-channel data were combined by using pyruvate signals as
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coil sensitivity maps (36). For display purposes, images were zero-filled by a factor of 2 and

applied with a 2D fermi filter.

Area-under-the-curve (AUC) images were calculated by summing the complex data through

time. Signal-to-noise ratio (SNR) was calculated as signal magnitude divided by the standard

deviation of the real part of the noise. Lactate-to-pyruvate AUC ratio images were calculated

by dividing the SNR of lactate AUC images by the SNR of pyruvate AUC images. To compare

AUC of a metabolite between experiment A (pyruvate and alanine: MS-GRE; lactate: MS-

3DSSFP) and experiment B (pyruvate, lactate, and alanine: MS-GRE) (Table 1), SNR of the

AUC images was calculated and then divided by the SNR of pyruvate AUC images acquired

in the same experiment. To compare dynamic curves of a metabolite between experiment A

and experiment B, SNR of each time point was calculated and then divided by the highest

SNR of the pyruvate dynamic curve acquired in the same experiment.

Signal levels of undesired metabolites in MS-3DSSFP lactate acquisitions were estimated.

First, the concentration ratio between an undesired metabolite and lactate was estimated

using the signals acquired from experiment B where all compounds were acquired with MS-

GRE sequences. Flip angle was compensated in the concentration ratio. Next, to estimate

the signal ratio between an undesired metabolite and lactate in MS-3DSSFP, the concen-

tration ratio was multiplied with MS-3DSSFP point spread function (PSF) amplitude ratio

between the undesired metabolite and lactate. The MS-3DSSFP PSF amplitude was cal-

culated by multiplying MS-3DSSFP excitation profile with the simulated PSF amplitude of

the MS-3DSSFP readout. The following equation describes the above calculation:

px =
Sx ∗ sin(θl) ∗ δx ∗ Ix

Sl ∗ sin(θx)
[1]

where p is the signal level (%) of an undesired metabolite x in MS-3DSSFP lactate ac-

quisitions, l is lactate, S is the signal measured in experiment B, θ is the flip angle used

in experiment B, δ is the stopband amplitude of the excitation RF pulse used in the MS-

3DSSFP sequence, I is the central amplitude of the simulated off-resonance PSF of the

interleaved spiral readouts used in the MS-3DSSFP sequence. Pyruvate hydrate signals were
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assumed to be as 8% of pyruvate signals (2). Stopband amplitudes δ are described in pulse

design: 0.5% for alanine, 0.5% for pyruvate and 5% for pyruvate hydrate. The off-resonance

PSF amplitudes I of the MS-3DSSFP readouts are obtained from simulations (Supporting

Information Figure S1): 0.327 for alanine, 0.191 for pyruvate and 0.701 for pyruvate hydrate.

Results

Simulated excitation profiles of the MS-3DSSFP sequence and its averaged transverse mag-

netization over all bSSFP echoes are shown in Figure 2. Frequency bands and stopband

ripples of the excitation profiles were as desired. Most banding artifacts fell outside of the

desired frequency bands except one banding artifact which was observed 18Hz upfield from

the alanine frequency. In the simulation, the amplitude of this banding artifact was about a

third of the on-resonance peak, although its actual value in a hyperpolarized 13C pyruvate

study depends on the T1 and T2 of alanine as well as the conversion rate between pyruvate

and alanine.

Results of validating the MS-3DSSFP sequence on a [13C]bicarbonate syringe phantom (T1

∼= 26s, T2 ∼= 1.5s) with a rat birdcage coil are shown in Figure 3. 13C images, proton

images and B0 maps scaled to 13C frequency were provided. The dash-line-boxed slice shows

a bright proton image but a dark 13C image. This is consistent with the large B0 variation (-

50Hz) at that slice. Results of validating the excitation profile of the bSSFP sequence on the

phantom are presented in Supporting Information Figure S2. Excitation profiles measured

from phantom experiments were found to be consistent with the simulation.

Results of representative hyperpolarized [1-13C]pyruvate experiments to compare the MS-

3DSSFP sequence with MS-GRE sequences using the experiment parameters in Table 1 are

presented in Figure 4 (rat), Figure 5 (TRAMP mouse) and Figure 6 (renal tumor patient).

Comparing lactate AUC maps of the two experiments, no banding artifacts were observed in
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the MS-3DSSFP results. This finding agrees with the homogenous B0 maps found in most

areas of rat kidneys, TRAMP tumors and human kidneys, although large B0 variations are

found near the tissue-air interface. In some tumor regions, lactate-to-pyruvate AUC ratio

maps reveal different contrasts between the two experiments, as shown in Figure 5 and Figure

6. Compared to results of experiment B (pyruvate: MS-GRE; lactate: MS-GRE), lactate-to-

pyruvate AUC ratio map of experiment A (pyruvate: MS-GRE; lactate: MS-3DSSFP) shows

better alignment with the underlying T2 weighted proton images. This could be a result

of T2 contrast provided by the MS-3DSSFP sequence. Higher values of lactate-to-pyruvate

AUC ratio map are found in experiment A compared to experiment B, demonstrating the

MS-3DSSFP sequence provides higher SNR over MS-GRE sequences. AUC maps of pyruvate

and alanine show consistent contrast between the two experiments, demonstrating minimal

perturbation of the newly designed RF pulse on pyruvate and alanine.

Representative dynamic curves of lactate, pyruvate and alanine signals are presented in

Figure 7 acquired with experiment parameters described in Table 1. Metabolites signal

ratios between the two experiments are presented in Figure 8. Compared with MS-GRE

sequences, the MS-3DSSFP sequence shows an overall approximately 2.5X SNR improvement

and demonstrates higher SNR performance at every time point for lactate imaging in rat

kidneys, tumors of TRAMP mice and human kidneys. Comparing AUC between the two

experiments, there is almost no difference in pyruvate and a 5% to 20% difference in alanine

AUC, which demonstrates the lactate spectral selectivity of the MS-3DSSFP sequence.

Signal levels of undesired metabolites (i.e. pyruvate and alanine) in MS-3DSSFP lactate

acquisitions were quantified in three types of ROIs: rat kidneys, tumors of TRAMP mice

and human kidneys (Table 2). The highest signal contribution from undesired metabolites

was found in rat kidneys - 0.07% from alanine, 1.24% from pyruvate and 3.64% from pyruvate

hydrate, where 1% means that the ratio between the undesired metabolite and lactate is 1%.
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Discussion

Metabolite Specific Excitation for bSSFP

We designed a multiband RF pulse (Figure 1) under the constraint of short TR in a bSSFP

sequence to achieve spectrally selective excitation on lactate while minimally perturbing other

metabolites on a clinical 3T scanner. The 9ms pulse duration was primarily determined by

the frequency difference between lactate and pyruvate hydrate (128Hz at 3T) which has the

closest frequency to lactate among all compounds in hyperpolarized [1-13C]pyruvate studies.

The newly designed RF pulse had a maximum power of 0.2195G and did not experience

specific absorption rates (SAR) issues in our studies.

Our MS-3DSSFP sequence can be easily adapted to image [1-13C]pyruvate or [1-13C]bicarbonate.

Because these two metabolites have larger frequency differences from other compounds com-

pared to the frequency difference of lactate to pyruvate hydrate, it is guaranteed to find a

solution of metabolite specific excitation pulse for these two metabolites while meeting the

TR requirement in our studies. In contrast, it is challenging to design a metabolite specific

excitation pulse for imaging alanine, which has a frequency difference of 82Hz (at 3T) to

pyruvate hydrate, much closer than the frequency difference between lactate to pyruvate

hydrate.

Spiral bSSFP vs Cartessian bSSFP

Spiral readouts were used in the MS-3DSSFP to accelerate the acquisition. All prior HP
13C bSSFP work used Cartesian readouts, which brought challenges to acquire multiple

metabolites in dynamic imaging. For example, whole human brain HP 13C imaging typically

uses a matrix size of 16 × 16 × 16 and a FOV of 24 × 24 × 24 cm. Assuming a TR of 15ms,

3D Cartesian readouts need 16 × 16 × 15ms = 3.84s to cover a volume for one metabolite,
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which would result in insufficient temporal resolution when more than one metabolite needs

to be acquired. Given the relatively small matrix size, undersampling strategies will only

achieve limited acceleration, therefore fast imaging readouts are preferred (37). Under the

same requirement of matrix size and FOV, stack-of-spiral readouts using two interleaves per

stack could achieve an acquisition time of 2 × 16 × 15ms = 0.48ms and an even larger matrix

size (24 x 24 x 24), assuming a 3.8ms readout time for each spiral interleaf (same as what we

used in this study), a 5 G/cm maximum gradient and a 20 G/cm/ms maximum slew rate.

The center k-space of the spiral readout is not at the center of the TR, which may cause

a slight SNR loss compared to Cartesian readouts. Assuming a spiral readout duration of

3.8 ms as used in our studies and a T2∗ of 50 ms, SNR loss of using spiral readouts will be

1-exp(-1.9/50) = 4%.

MS-3DSSFP vs MS-GRE

By comparing the results of two experiments whose experiment parameters are shown in

Table 1 (experiment A: MS-3DSSFP for lactate, MS-GRE for pyruvate and alanine; ex-

periment B: MS-GRE for lactate, pyruvate and alanine.), we assess the performance of the

MS-3DSSFP sequence in the aspects of SNR, contrast, banding artifacts, artifacts by excit-

ing undesired metabolites and impact on acquisition of other metabolites. These issues will

be discussed in the following paragraphs.

To fairly compare SNR between the MS-3DSSFP sequence and MS-GRE sequences, we used

the same spatial resolution, starting time of acquisition, temporal resolution and number of

time points. The effective flip angle (see definition in Methods) of the MS-GRE sequence was

the same as the flip angle used in the MS-3DSSFP sequence. Readout durations of the two

sequences were not matched since T2∗ limits the readout duration of a MS-GRE sequence.

Compared with MS-GRE sequences, our MS-3DSSFP sequence has shown an overall 2.5-fold

SNR improvement (Figure 7 and Figure 8) for dynamic lactate imaging in hyperpolarized
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[1-13C]pyruvate studies. The SNR improvement ratio would increase with T2 (Supporting

Information Figure S3). Besides utilizing T2, other features of the MS-3DSSFP sequence

could also contribute to the SNR improvement, including shorter echo time due to shorter

RF pulse and shorter spiral readout time which results in less signal reduction caused by B0

inhomogeneity.

Compared with MS-GRE sequences, the MS-3DSSFP sequence can also provide T2 contrast

for tissue characterization. In our studies, such contrast differences are potentially observed

in some tumor regions in lactate-to-pyruvate AUC ratio maps as shown in Figure 5 and

Figure 6.Parameters of the MS-3DSSFP sequence (e.g. flip angle, TR) could be explored to

enable jointly estimating lactate T2 and pyruvate-to-lactate conversion rate.

Excitation profiles of a bSSFP sequence are determined by both the excitation profile of the

RF pulse and banding artifacts governed by the chosen TR. Two types of image artifacts

could be a result of excitation profiles of a bSSFP sequence: null-signal banding artifacts of

metabolites of interest and artifacts by exciting undesired metabolites. Comparing in vivo

lactate AUC results (Figure 4, Figure 5, Figure 6) of MS-GRE and MS-3DSSFP, no null-

signal banding artifacts are found in the MS-3DSSFP results. In some peripheral regions

of TRAMP tumors (Figure 5) where large B0 variations are noted, both MS-GRE and MS-

3DSSFP sequences shows hypointense signals in AUC maps of pyruvate and lactate but show

hyperintense signals in pyruvate-to-lactate AUC ratio maps. This indicates that both MS-

GRE and MS-3DSSFP sequences are sensitive to B0 inhomogeneity for different reasons.For

MS-3DSSFP, the reason is reduced excitation due to a narrow excitation bandwidth (40Hz).

For MS-GRE, reduced excitation could also be a reason although not as worse as MS-

3DSSFP, and another reason could be reduced signal due to long spiral readouts (22ms),

which can be improved by using proper off-resonance correction (38,39).

Exciting undesired metabolites would cause both artificially elevated lactate signals and

ring-shaped artifacts. Simulation (Supporting Information Figure S1) shows that for the

interleaved spiral readouts used in our studies, artifacts from pyruvate hydrate and alanine
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mostly stay in the center of the point spread function while artifacts from pyruvate, urea and

bicarbonate are spread out, which will cause ring-shaped artifacts. No ring-shaped artifacts

are observed in the MS-3DSSFP images. Signal levels of undesired metabolites (i.e. pyruvate

and alanine) in MS-3DSSFP lactate acquisitions were summarized in Table 2. These signal

levels could be higher if acquisition starts early when pyruvate and pyruvate hydrate signals

are high while lactate signals are yet to build up.

Exciting undesired metabolites would also sacrifice their magnetization and reduce their

signals. Comparing AUC results between the two experiments (Figure 8), there is almost

no difference in pyruvate and a 5% to 20% difference in alanine AUC. The cost in alanine

signals is consistent with the simulation (Figure 2) and phantom (Supporting Information

Figure S2) results where a banding artifact is identified 18Hz upfield from alanine frequency.

Therefore, it is more robust to apply our MS-3DSSFP sequence for imaging ROIs with low

alanine productions such as most tumors, kidney or brain.

Interleaving Different Sequences In One Injection

In hyperpolarized 13C studies, signals of different metabolites are usually acquired using the

same sequence so that results reveal the contrast of metabolite concentration. In our studies,

we developed a method of imaging different metabolites using different sequences in one

injection, i.e., imaging lactate using MS-3DSSFP while imaging pyruvate and alanine using

MS-GRE. This method is achieved by using a commercial software (RTHawk, HeartVista,

Los Altos, CA) where interleaving different sequences are easily incorporated. It could

potentially provide multiple contrasts for multiple metabolites in a single injection, whereas

the same purpose could possibly be achieved by using a MR-Fingerprinting type of acquisition

(40).
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Precautions of Performing MS-3DSSFP Experiments

To run the MS-3DSSFP sequence, several issues need to be carefully handled. As discussed

before, the RF pulse used in the MS-3DSSFP sequence has a narrow bandwidth (40Hz) and

real-time frequency calibration (33) is crucial to the robustness of this sequence. Further-

more, the multiband RF pulse used in this study does not avoid exciting urea, therefore, it

is suggested to remove the urea phantom which was used in pre-scan frequency and power

calibration prior to pyruvate injection, otherwise there could be spiral off-resonance artifacts

from urea signals. Finally, the multiband RF pulse was not slice-selective, therefore the field

of view along the slice direction needs to be as large as the extent of 13C receive coils.

Conclusion

This work describes a novel 3D bSSFP sequence that integrates a lactate specific excitation

pulse and stack-of-spiral readouts for improved lactate dynamic imaging in hyperpolarized

[1-13C]pyruvate studies on a clinical 3T scanner. Compared with MS-GRE sequences, the

MS-3DSSFP sequence showed an overall 2.5X SNR improvement for lactate imaging in rat

kidneys, tumors of TRAMP mice and human kidneys. Future work will include exploring

joint estimation of lactate T2 and pyruvate-to-lactate conversion rate, extending the ap-

plications of the proposed sequence for imaging regions with acceptable B0 homogeneity

such as human brain, as well as imaging other metabolites (e.g. pyruvate, bicarbonate) in

hyperpolarized [1-13C]pyruvate studies.
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Supporting Information

S1 Simulations of off-resonance PSF of the interleaved spiral readouts (4 interleaves, 3.8ms

for each interleaf) used in this study. Frequencies of metabolites are Lactate = 0Hz,

Pyruvate Hydrate = -128Hz, Alanine = -210Hz, Pyruvate = -395Hz, Urea = -635Hz,

Bicarbonate = -717Hz.

S2 Validation of the MS-3DSSFP sequence on a 13C-enriched sodium bicarbonate phantom

(T1 = 26s, T2 = 1.5s). 13C images were acquired with a center frequency offset, both

at excitation and at acquisition, by 0Hz, 128Hz, 210Hz, 395Hz, and 717 Hz relative

to the phantom frequency, to mimic the images of lactate ("Lac"), pyruvate hydrate

("Pyrh"), alanine ("Ala"), pyruvate ("Pyr") and bicarbonate ("Bic"), respectively. At

the frequency of each metabolite, 13C images were also acquired with small frequency

offsets from -30 to 30 Hz with a step of 10Hz. Acquired data were always demodulated

to the phantom frequency so that reconstructed images wouldn’t be affected by blurring

artifacts due to off-resonance reconstruction. All 13C images were acquired at 8 × 8

× 20mm and reconstructed at 4 × 4 × 20mm. The mean value of the phantom area

for each image is normalized by the value of the lactate image at zero frequency offset

and plotted in graph (b). Simulation results from Figure 2 are also displayed here for

comparison.

S3 Simulation of bSSFP SNR as a function of T2, normalized to SNR is 1 when T2 is 1s.

Simulation parameters include T1 = 30s, TR 15.3ms, # of time points 30, # of RF

pulses 64.

S4 Dynamic images and ROI signal curves of a rat kidney slice of the experiments de-

scribed in Figure 4. Each image is displayed to its own maximum signal to visualize

metabolites at all time points. All ROI signals were divided by corresponding noise

signals and then divided by the highest value of the pyruvate dynamic curve.
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S5 Dynamic images and ROI signal curves of a TRAMP mouse tumor slice of the exper-

iments described in Figure 5. Each image is displayed to its own maximum signal to

visualize metabolites at all time points. All ROI signals were divided by corresponding

noise signals and then divided by the highest value of the pyruvate dynamic curve.

S6 Dynamic images and ROI signal curves of a human renal tumor slice of the experiments

described in Figure 6. Each image is displayed to its own maximum signal to visualize

metabolites at all time points. All ROI signals were divided by corresponding noise

signals and then divided by the highest value of the pyruvate dynamic curve.

S7 13C images of Supporting Figure S2 were displayed without applying demodulation,

meaning reconstruction frequency was the same as excitation frequency. This is how

reconstruction was performed in all in vivo experiments - reconstruction was always

performed at the lactate frequency. This figure validates the combined effects of exci-

tation profiles and blurring artifacts caused by spiral readouts.

23



References

[1] ArdenkjærLarsen JH, Golman K, Gram A, Lerche MH, Servin R, Thaning M, Wolber J.

Increase of signal-to-noise of more than 10,000 times in liquid state NMR. Discov Med

2003;3:37–9.

[2] Golman K, in ’t Zandt R, Thaning M. Real-time metabolic imaging. Proc Natl Acad

Sci U S A 2006;103:11270–5.

[3] Day SE, Kettunen MI, Gallagher FA, Hu DE, Lerche M, Wolber J, Golman K, Ardenk-

jaerLarsen JH, Brindle KM. Detecting tumor response to treatment using hyperpolar-

ized 13C magnetic resonance imaging and spectroscopy. Nat Med 2007;13:1382–7.

[4] Albers MJ, Bok R, Chen AP, Cunningham CH, Zierhut ML, Zhang VY, Kohler SJ,

Tropp J, Hurd RE, Yen YF, Nelson SJ, Vigneron DB, Kurhanewicz J. Hyperpolarized
13C lactate, pyruvate, and alanine: noninvasive biomarkers for prostate cancer detection

and grading. Cancer Res 2008;68:8607–15.

[5] Schroeder MA. In vivo assessment of pyruvate dehydrogenase flux in the heart using

hyperpolarized carbon-13 magnetic resonance. Proc Natl Acad Sci U S A 2008;105.

[6] Park I, Larson PEZ, Zierhut ML, Hu S, Bok R, Ozawa T, Kurhanewicz J, Vi-

gneron DB, Vandenberg SR, James CD, Nelson SJ. Hyperpolarized 13C magnetic reso-

nance metabolic imaging: application to brain tumors. Neuro Oncol 2010;12:133–44.

[7] Witney TH, Kettunen MI, Hu De, Gallagher FA, Bohndiek SE, Napolitano R,

Brindle KM. Detecting treatment response in a model of human breast adenocar-

cinoma using hyperpolarised [1-13C]pyruvate and [1,4-13C2]fumarate. Br J Cancer

2010;103:1400–6.

[8] Darpolor MM, Yen YF, Chua MS, Xing L, ClarkeKatzenberg RH, Shi W, Mayer D,

Josan S, Hurd RE, Pfefferbaum A, Senadheera L, So S, Hofmann LV, Glazer GM,

24



Spielman DM. In vivo MRSI of hyperpolarized [1-13C]pyruvate metabolism in rat hep-

atocellular carcinoma. NMR Biomed 2011;24:506–13.

[9] Nelson SJ, Kurhanewicz J, Vigneron DB, Larson PEZ, Harzstark AL, Ferrone M, van

Criekinge M, Chang JW, Bok R, Park I, Reed G, Carvajal L, Small EJ, Munster P,

Weinberg VK, ArdenkjaerLarsen JH, Chen AP, Hurd RE, Odegardstuen LI, Robb FJ,

Tropp J, Murray JA. Metabolic imaging of patients with prostate cancer using hyper-

polarized [1-13C]pyruvate. Sci Transl Med 2013;5:198ra108.

[10] Cunningham CH, Lau JYC, Chen AP, Geraghty BJ, Perks WJ, Roifman I, Wright GA,

Connelly KA. Hyperpolarized 13C Metabolic MRI of the Human Heart: Initial Experi-

ence. Circ Res 2016;119:1177–1182.

[11] Miloushev VZ, Granlund KL, Boltyanskiy R, Lyashchenko SK, DeAngelis LM,

Mellinghoff IK, Brennan CW, Tabar V, Yang TJ, Holodny AI, Sosa RE, Guo YW,

Chen AP, Tropp J, Robb F, Keshari KR. Metabolic Imaging of the Human Brain with

Hyperpolarized 13C Pyruvate Demonstrates 13C Lactate Production in Brain Tumor

Patients. Cancer Res 2018;78:3755–3760.

[12] Grist JT, McLean MA, Riemer F, Schulte RF, Deen SS, Zaccagna F, Woitek R,

Daniels CJ, Kaggie JD, Matys T, Patterson I, Slough R, Gill AB, Chhabra A, Eichen-

berger R, Laurent MC, Comment A, Gillard JH, Coles AJ, Tyler DJ, Wilkinson I,

Basu B, Lomas DJ, Graves MJ, Brindle KM, Gallagher FA. Quantifying normal hu-

man brain metabolism using hyperpolarized [1-13C]pyruvate and magnetic resonance

imaging. NeuroImage 2019;189:171 – 179.

[13] Mayer D, Yen YF, Levin YS, Tropp J, Pfefferbaum A, Hurd RE, Spielman DM. In vivo

application of sub-second spiral chemical shift imaging (CSI) to hyperpolarized 13C

metabolic imaging: comparison with phase-encoded CSI. J Magn Reson 2010;204:340–

5.

25



[14] Reeder SB, Brittain JH, Grist TM, Yen YF. Least-squares chemical shift separation for
13C metabolic imaging. J Magn Reson Imaging 2007;26:1145–52.

[15] Wiesinger F, Weidl E, Menzel MI, Janich MA, Khegai O, Glaser SJ, Haase A,

Schwaiger M, Schulte RF. IDEAL spiral CSI for dynamic metabolic MR imaging of

hyperpolarized [1-13C]pyruvate. Magn Reson Med 2012;68:8–16.

[16] Cunningham CH, Chen AP, Lustig M, Hargreaves BA, Lupo J, Xu D, Kurhanewicz J,

Hurd RE, Pauly JM, Nelson SJ, Vigneron DB. Pulse sequence for dynamic volumetric

imaging of hyperpolarized metabolic products. J Magn Reson 2008;193:139–46.

[17] Gordon JW, Vigneron DB, Larson PEZ. Development of a symmetric echo planar

imaging framework for clinical translation of rapid dynamic hyperpolarized 13C imaging.

Magn Reson Med 2017;77:826–832.

[18] Lau AZ, Chen AP, Hurd RE, Cunningham CH. Spectral-spatial excitation for rapid

imaging of DNP compounds. NMR Biomed 2011;24:988–96.

[19] Svensson J. Hyperpolarized 13C MR angiography using trueFISP. Magn Reson Med

2003;50.

[20] Leupold J, Månsson S, Petersson JS, Hennig J, Wieben O. Fast multiecho bal-

anced SSFP metabolite mapping of 1H and hyperpolarized 13C compounds. MAGMA

2009;22:251–6.

[21] von Morze C, Sukumar S, Reed GD, Larson PEZ, Bok RA, Kurhanewicz J, Vi-

gneron DB. Frequency-specific SSFP for hyperpolarized 13C metabolic imaging at 14.1

T. Magn Reson Imaging 2013;31:163–70.

[22] Reed GD, von Morze C, Bok R, Koelsch BL, VanCriekinge M, Smith KJ, Shang H,

Larson PEZ, Kurhanewicz J, Vigneron DB. High resolution (13)C MRI with hyperpo-

larized urea: in vivo T(2) mapping and (15)N labeling effects. IEEE Trans Med Imaging

2014;33:362–71.

26



[23] Milshteyn E, von Morze C, Reed GD, Shang H, Shin PJ, Zhu Z, Chen HY, Bok R,

Goga A, Kurhanewicz J, Larson PEZ, Vigneron DB. Development of high resolution

3D hyperpolarized carbon-13 MR molecular imaging techniques. Magn Reson Imaging

2017;38:152–162.

[24] Milshteyn E, von Morze C, Gordon JW, Zhu Z, Larson PEZ, Vigneron DB. High

spatiotemporal resolution bSSFP imaging of hyperpolarized [1-13C]pyruvate and [1-
13C]lactate with spectral suppression of alanine and pyruvate-hydrate. Magn Reson

Med 2018;80:1048–1060.

[25] Shang H, Sukumar S, von Morze C, Bok RA, MarcoRius I, Kerr A, Reed GD, Mil-

shteyn E, Ohliger MA, Kurhanewicz J, Larson PEZ, Pauly JM, Vigneron DB. Spectrally

selective three-dimensional dynamic balanced steady-state free precession for hyperpo-

larized C-13 metabolic imaging with spectrally selective radiofrequency pulses. Magn

Reson Med 2017;78:963–975.

[26] Yen YF, LeRoux P, Mayer D, King R, Spielman D, Tropp J, ButtsPauly K, Pfef-

ferbaum A, Vasanawala S, Hurd R. T2 relaxation times of 13C metabolites in a rat

hepatocellular carcinoma model measured in vivo using 13C-MRS of hyperpolarized [1-
13C]pyruvate. NMR Biomed 2010;23:414–23.

[27] Pocker Y, Meany JE, Nist BJ, Zadorojny C. Reversible hydration of pyruvic acid. I.

Equilibrium studies. J Phys Chem 1969;73:2879–2882.

[28] Larson PEZ, Kerr AB, Swisher CL, Pauly JM, Vigneron DB. A rapid method for

direct detection of metabolic conversion and magnetization exchange with application

to hyperpolarized substrates. J Magn Reson 2012;225:71–80.

[29] Shang H, Larson PEZ, Kerr A, Reed G, Sukumar S, Elkhaled A, Gordon JW,

Ohliger MA, Pauly JM, Lustig M, Vigneron DB. Multiband RF pulses with improved

performance via convex optimization. J Magn Reson 2016;262:81–90.

27



[30] Nagashima K. Optimum pulse flip angles for multi-scan acquisition of hyperpolarized

NMR and MRI. J Magn Reson 2008;190:183–8.

[31] Gordon JW, Chen HY, Autry A, Park I, VanCriekinge M, Mammoli D, Milshteyn E,

Bok R, Xu D, Li Y, Aggarwal R, Chang S, Slater JB, Ferrone M, Nelson S,

Kurhanewicz J, Larson PEZ, Vigneron DB. Translation of Carbon-13 EPI for hy-

perpolarized MR molecular imaging of prostate and brain cancer patients. Magn Reson

Med 2019;81:2702–2709.

[32] Gordon JW, Hansen RB, Shin PJ, Feng Y, Vigneron DB, Larson PEZ. 3D hyperpolar-

ized C-13 EPI with calibrationless parallel imaging. J Magn Reson 2018;289:92–99.

[33] Tang S, Milshteyn E, Reed G, Gordon J, Bok R, Zhu X, Zhu Z, Vigneron DB, Lar-

son PEZ. A regional bolus tracking and real-time B1 calibration method for hyperpo-

larized 13C MRI. Magn Reson Med 2019;81:839–851.

[34] Tropp J, Lupo JM, Chen A, Calderon P, McCune D, Grafendorfer T, OzturkIsik E,

Larson PEZ, Hu S, Yen YF, Robb F, Bok R, Schulte R, Xu D, Hurd R, Vigneron D,

Nelson S. Multi-channel metabolic imaging, with SENSE reconstruction, of hyperpolar-

ized [1-13C] pyruvate in a live rat at 3.0 tesla on a clinical MR scanner. J Magn Reson

2011;208:171–7.

[35] Jackson JI, Meyer CH, Nishimura DG, Macovski A. Selection of a convolution function

for Fourier inversion using gridding [computerised tomography application]. IEEE Trans

Med Imaging 1991;10:473–8.

[36] Zhu Z, Zhu X, Ohliger MA, Tang S, Cao P, Carvajal L, Autry AW, Li Y, Kurhanewicz J,

Chang S, Aggarwal R, Munster P, Xu D, Larson PEZ, Vigneron DB, Gordon JW. Coil

combination methods for multi-channel hyperpolarized 13C imaging data from human

studies. J Magn Reson 2019;301:73–79.

28



[37] Durst M, Koellisch U, Frank A, Rancan G, Gringeri CV, Karas V, Wiesinger F, Men-

zel MI, Schwaiger M, Haase A, Schulte RF. Comparison of acquisition schemes for

hyperpolarised 13C imaging. NMR Biomed 2015;28:715–25.

[38] Noll DC, Pauly JM, Meyer CH, Nishimura DG, Macovski A. Deblurring for non-2D

Fourier transform magnetic resonance imaging. Magn Reson Med 1992;25:319–33.

[39] Man LC, Pauly JM, Macovski A. Improved automatic off-resonance correction without

a field map in spiral imaging. Magn Reson Med 1997;37:906–13.

[40] Ma D, Gulani V, Seiberlich N, Liu K, Sunshine JL, Duerk JL, Griswold Ma. Magnetic

resonance fingerprinting. Nature 2013;495:187–192.

29



Figure 1: Pulse sequence of the proposed MS-3DSSFP acquisition (a). It consists of a

lactate specific excitation pulse and a 3D center-out stack of spiral readout (c). Each stack

(b) consists of four interleaves. The details of the excitation pulse are described in Figure 2.

Lighted shaded regions refer to the data acquisition window.
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Figure 2: Simulated excitation profiles of the excitation pulse alone (blue) and its averaged

transverse magnetization over 64 pulses of a bSSFP acquisition (red). An overall view of the

profile is shown in graph (a) and graph (b). Zoomed views (±40Hz) of excitation profiles

around each metabolite are shown in graph (c) and graph (d). The excitation pulse has

a 40Hz passband on lactate (0Hz), a 40Hz stopband of 5% maximum ripple on pyruvate

hydrate (-128Hz) and 40Hz stopbands of 0.5% maximum ripples on bicarbonate (-717Hz),

pyruvate (-395Hz) and alanine (-210Hz). Simulation parameters for bSSFP acquisitions

include: number of RF pulses = 64, TR = 15.3ms, T1 = 30s, T2 = 1s, 6 non-linear ramp

preparation pulses, flip angle = 60o
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Figure 3: Validation of the MS-3DSSFP sequence on a [13C]bicarbonate syringe phantom

(T1 ∼= 26s, T2 ∼= 1.5s) with a rat birdcage coil. 13C images were acquired at 8 × 8 ×
20mm and reconstructed at 4 × 4 × 20mm. Bright spots at the bottom of proton images are

the water pad in the coil. B0 maps are shown at 13C frequency. The dash-line-boxed slice

shows a bright proton image but a dark 13C image, consistent with the large B0 variation

(-50Hz) at that slice.
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Figure 4: Comparison of the MS-3DSSFP sequence with a 3D MS-GRE sequence on a

healthy rat with hyperpolarized [1-13C]pyruvate injections using experiment A (pyruvate

and alanine: MS-GRE; lactate: MS-3DSSFP) and experiment B (pyruvate, lactate and

alanine: MS-GRE). Experiment parameters are described in Table 1. AUC maps of each

metabolite are displayed at the maximum signal across slices. B0 maps were thresholded

using a mask removing the pixels with SNR lower than 3 in the water magnitude images.

B0 maps colorbar is displayed at the bottom. Lactate-to-pyruvate AUC ratio maps of the

kidney slices are shown and thresholded using a mask removing the pixels with SNR lower

than 3 in the lactate or pyruvate magnitude image.
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Figure 5: Comparison of the MS-3DSSFP sequence with a 3D MS-GRE sequence on a

TRAMP mouse prostate tumor with hyperpolarized [1-13C]pyruvate injections using experi-

ment A (pyruvate and alanine: MS-GRE; lactate: MS-3DSSFP) and experiment B (pyruvate,

lactate and alanine: MS-GRE). Experiment parameters are described in Table 1. AUC im-

ages of each metabolite, and lactate-to-pyruvate AUC ratio images and B0 maps are shown.

B0 and AUC ratio maps are thresholded the same way as described in Figure 4. B0 maps

colorbar is displayed at the bottom.
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Figure 6: Comparison of the MS-3DSSFP sequence with a multi-slice 2D MS-GRE sequence

in the kidneys of a patient with a renal tumor with hyperpolarized [1-13C]pyruvate injections

using experiment A (pyruvate and alanine: MS-GRE; lactate: MS-3DSSFP) and experiment

B (pyruvate, lactate and alanine: MS-GRE). Experiment parameters are described in Table

1. AUC images of each metabolite, and lactate-to-pyruvate AUC ratio images and B0 maps

are shown. B0 and AUC ratio maps are thresholded the same way as described in Figure 4.

B0 maps colorbar is displayed at the bottom.
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Figure 7: Representative dynamic curves of lactate, pyruvate and alanine signals acquired

in experiment A (pyruvate and alanine: MS-GRE; lactate: MS-3DSSFP) and experiment B

(pyruvate, lactate and alanine: MS-GRE). Experiment parameters are described in Table 1.

All signals were divided by corresponding noise signals and then divided by the highest value

of the pyruvate dynamic curve. Corresponding dynamic images are shown in Supporting

Information Figure S4, Supporting Information Figure S5 and Supporting Information Figure

S6.
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Figure 8: Metabolites AUC ratios and lactate ratios of dynamic curves between experiment

A (pyruvate and alanine: MS-GRE; lactate: MS-3DSSFP) and experiment B (pyruvate,

lactate and alanine: MS-GRE) at each time point. Experiment parameters are described

in Table 1. Data of rat kidneys, TRAMP tumors and human kidneys were included in the

summary with a criterion of SNR greater than 3. The averaged lactate ratios are shown by

the solid lines and ±1 standard deviations are shown by the dashed lines.
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Table 1: 13C sequence parameters used in rat, TRAMP and human studies with hyperpolar-

ized [1-13C]pyruvate injection. For the same subject, two experiments (A and B) would be

performed back-to-back for comparison. In experiment A, lactate signals were acquired with

the metabolite specific 3D SSFP (MS-3DSSFP) sequence while pyruvate and alanine signals

were acquired with the metabolite specific GRE (MS-GRE) sequences. In experiment B, all

three metabolites were acquired with MS-GRE sequences. In TRAMP mouse studies and

one of the human study, experiment B was performed first. In other studies, experiment A

was performed first.
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Table 2: Estimated signal levels of off-resonance metabolites in lactate acquisitions using

the MS-3DSSFP sequence. Signal levels are estimated according to Eq. 1. A signal level

of 1% means that in a MS-3DSSFP lactate acquisition, the ratio between the off-resonance

metabolite and lactate is 1%.
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Supporting Information Figure S1: Simulations of off-resonance PSF of the inter-
leaved spiral readouts (4 interleaves, 3.8ms for each interleaf) used in this study.
Frequencies of metabolites are Lactate = 0Hz, Pyruvate Hydrate = -128Hz, Alanine
= -210Hz, Pyruvate = -395Hz, Urea = -635Hz, Bicarbonate = -717Hz.
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Supporting Information Figure S2: Validation of the MS-3DSSFP sequence on a
13C-enriched sodium bicarbonate phantom (T1 ∼= 26s, T2 ∼= 1.5s). 13C images
were acquired with a center frequency offset, both at excitation and at acquisition,
by 0Hz, 128Hz, 210Hz, 395Hz, and 717 Hz relative to the phantom frequency, to
mimic the images of lactate (”Lac”), pyruvate hydrate (”Pyrh”), alanine (”Ala”),
pyruvate (”Pyr”) and bicarbonate (”Bic”), respectively. At the frequency of each
metabolite, 13C images were also acquired with small frequency offsets from -30 to
30 Hz with a step of 10Hz. Acquired data were always demodulated to the phantom
frequency so that reconstructed images wouldn’t be affected by blurring artifacts due
to off-resonance reconstruction. All 13C images were acquired at 8 × 8 × 20mm and
reconstructed at 4 × 4 × 20mm. The mean value of the phantom area for each image
is normalized by the value of the lactate image at zero frequency offset and plotted in
graph (b). Simulation results from Figure 2 are also displayed here for comparison.
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Supporting Information Figure S3: Simulation of bSSFP SNR as a function of T2,
normalized to SNR is 1 when T2 is 1s. Simulation parameters include T1 = 30s, TR
15.3ms, # of time points 30, # of RF pulses 64.
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Supporting Information Figure S4: Dynamic images and ROI signal curves of a rat
kidney slice of the experiments described in Figure 4. Each image is displayed to its
own maximum signal to visualize metabolites at all time points. All ROI signals were
divided by corresponding noise signals and then divided by the highest value of the
pyruvate dynamic curve.
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Supporting Information Figure S5: Dynamic images and ROI signal curves of a
TRAMP mouse tumor slice of the experiments described in Figure 5. Each image
is displayed to its own maximum signal to visualize metabolites at all time points.
All ROI signals were divided by corresponding noise signals and then divided by the
highest value of the pyruvate dynamic curve.
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Supporting Information Figure S6: Dynamic images and ROI signal curves of a
human renal tumor slice of the experiments described in Figure 6. Each image is
displayed to its own maximum signal to visualize metabolites at all time points. All
ROI signals were divided by corresponding noise signals and then divided by the
highest value of the pyruvate dynamic curve.

7



Supporting Information Figure S7: 13C images of Supporting Figure S2 were dis-
played without applying demodulation, meaning reconstruction frequency was the
same as excitation frequency. This is how reconstruction was performed in all in vivo
experiments - reconstruction was always performed at the lactate frequency. This fig-
ure validates the combined effects of excitation profiles and blurring artifacts caused
by spiral readouts.
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