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Abstract

13C-bicarbonate is a crucial measure of pyruvate oxidation and TCA cycle flux, but is challenging
to measure due to its relatively low concentration and thus will greatly benefit from improved
signal-to-noise ratio (SNR). To address this, we developed and investigated the feasibility

of a 3D stack-of-spirals metabolite-specific balanced steady-state free precession (MS-bSSFP)
sequence for improving the SNR and spatial resolution of dynamic 13C-bicarbonate imaging

in hyperpolarized [1-13C]pyruvate studies. The bicarbonate MS-bSSFP sequence was evaluated

by simulations, phantoms studies, preclinical studies on five rats, brain studies on two healthy
volunteers and renal study on one renal cell carcinoma patient. The simulations and phantom
results showed that the bicarbonate-specific pulse had minimal perturbation of other metabolites
(<1%). In the animal studies, the MS-bSSFP sequence provided an approximately 2.6-3 x
improvement in 13C-bicarbonate SNR compared to a metabolite-specific gradient echo (MS-GRE)
sequence without altering the bicarbonate or pyruvate kinetics, and the shorter spiral readout in the
MS-bSSFP approach reduced blurring. Using the SNR ratio between MS-bSSFP and MS-GRE,
the T, values of bicarbonate and lactate in the rat kidneys were estimated as 0.5 s and 1.1 s,
respectively. The in-vivo feasibility of bicarbonate MS-bSSFP sequence was demonstrated in

two human brain studies and one renal study. These studies demonstrate the potential of the
sequence for in-vivo applications, laying the foundation for future studies to observe this relatively
low concentration metabolite with high-quality images and improve measurements of pyruvate
oxidation.
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Introduction

Hyperpolarized (HP) magnetic resonance imaging (MRI) is a powerful non-invasive
modality for investigating in-vivo metabolic pathways, including tumor characterization,
treatment selection, and treatment response monitoring.1=3 After hyperpolarization by
dynamic nuclear polarization (DNP) technique, the transient signal of HP 13C-labelled
components can increase by more than ten-thousand fold over its signal at thermal
equilibrium.# However, HP signal of 13C-labelled compounds decay quickly back to the
thermal equilibrium state once leaving the polarizer, which is characterized by T; (~30 s).

MRI with HP [1-13C]pyruvate, the most commonly used HP agent, can provide real-time

in vivo cellular energy metabolism, including Kinetic reactions and enzyme activities, and
has been used in numerous human studies.>~11 In cells, [1-13C]pyruvate can be converted

to lactate by lactate dehydrogenase (LDH) or converted to acetyl coenzyme A and carbon
dioxide (CO5) by pyruvate dehydrogenase (PDH).12.13 LDH enzymatically mediates the
pyruvate to lactate conversation in glycolysis, and [1-13C]lactate has been suggested as a
biomarker correlating with LDH activity.13-15 At the same time, PDH controls pyruvate
flux into mitochondria to feed the tricarboxylic acid (TCA) cycle. Since the downstream
product CO5 is rapidly equilibrated with bicarbonate, 13C-bicarbonate is a surrogate marker
for PDH activity.1617 In previous HP studies, pyruvate-to-lactate conversion has been
successfully used in detecting abnormal metabolism in cancer.5-6:18-20 |maging of pyruvate-
to-bicarbonate conversion is also desirable, where changes in bicarbonate are potential
biomarkers of heart disease1921, brain tumors?2, liver?3, and kidney diseases?4. However,
bicarbonate has a lower concentration than lactate, which makes bicarbonate measurements
more challenging. Therefore, improving the SNR of 13C-bicarbonate would greatly improve
the capabilities of HP [1-13C]pyruvate studies.

Due to the irreversible and rapid decay of the HP [1-13C]pyruvate magnetization, which
limits both temporal and spatial SNR, several advanced methods have been developed

to improve the SNR of measured HP 13C-labelled metabolites. In the acquisition,
optimized quality control steps can reduce the time-to-injection25; multichannel receiver
coils can provide improved SNR over large volumes?8; fast imaging methods27-29 with
variable resolution acquisition3° can improve SNR for the measured metabolites with

low concentration; and dynamic, metabolite-specific flip angles can improve SNR31:32,
Refocused imaging methods such as multi spin echo (SE)33-36 and balanced steady-

state free precession28:29.37.38 sequences have also demonstrated SNR improvements over
gradient echo sequences by repeated sampling of the transverse magnetization.

In this work, we developed and assessed a bicarbonate-specific acquisition method to
provide SNR improvements and higher spatial resolution of bicarbonate data in vivo. In
previous studies, metabolite-specific balanced steady-state free precession (MS-bSSFP)
sequences28:29.37.38 have been proven to create at least 2-fold SNR improvements in 13C-
lactate?® imaging and 13C-urea38 imaging. MS-bSSFP uses lower flip angles compared
to SE sequences, avoiding potential saturation of the hyperpolarized magnetization that
can be severe, e.g. due to imperfect refocusing pulse profile at the edges of slice or RF
coil*0. As 13C-bicarbonate has intrinsically lower concentrations compared to 13C-lactate
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and 13C-urea, the sequence design is more challenging. To address this issue, we designed
the sequence with a more selective RF pulse, including reduced ripples, to reduce undesired
excitation of other metabolites in the frequency profile. Furthermore, as bSSFP images are
To/T1-weighted, the in vivo T is encoded in the signal and thus can be estimated from

this data. The designed MS-bSSFP sequence for 13C-bicarbonate was tested in simulation,
validated and characterized in thermal phantoms and rat models, and applied in human
studies demonstrating feasibility in the brain and kidneys.

2. Methods

Sequence Design

Simulations

The proposed bicarbonate MS-bSSFP sequence is shown in Figure S1(a), which used same
structure as our previous work?9:38, The design of a bicarbonate-specific RF pulse was based
on a multiband RF pulse model to minimize the duration of the pulse (4.2 ms).29:41.42
Considering the By inhomogeneity in the target regions is always in a limited range (Figure
4 and Figure S9), a 40 Hz passband was designed on bicarbonate frequency, and 40 Hz
stopband was designed on other metabolite frequencies: with 0.2% ripples on pyruvate
frequency (322 Hz) and pyruvate hydrate frequency (589 Hz), and with 0.8% ripples on
alanine frequency (507 Hz) and lactate frequency (717 Hz) (Figure 1(a)).

One of the primary limitations of bSSFP sequences is that the steady state magnetization
varies as a function of off-resonance frequencies, determined by the TR. However, the
minimum TR is limited by the duration of spectrally-selective RF pulse and the readout time
required to obtain adequate spatial resolution. The optimal TR in this sequence was set as
9.8 ms to achieve reasonable spatial resolution and maximize the frequency differences from
banding artifact locations to other metabolites (pyruvate, lactate, alanine, pyruvate-hydrate)
resonance frequencies.

To compare the proposed bicarbonate MS-bSSFP sequence and conventional 2D metabolite-
specific gradient echo (MS-GRE) sequence, the flip angle of bSSFP was set as 60°, which

is approximately equivalent to an optimized a GRE flip angle of 30° that we commonly

use for HP studies*3, shown in Figure S2(a). This 3D bicarbonate MS-bSSFP sequence

was implemented on a 3 T GE clinical MRI scanner (MR750, GE Healthcare, Waukesha,
WI) controlled by RTHawk software (Vista.ai, Los Altos, CA) for hyperpolarized 13C
acquisition.

The RF pulse and sequence excitation profiles were calculated using Bloch simulation,
shown in Figure 1. In the preparation TRs, 6 catalyzation pulses with increasing flip angles
of 3°,7.2°,22.8°, 41.4°,55.8°, 60° were used. In the imaging TRs, the parameters included
flip angle = 60°, number of excitations = 64, T{ =255, T, =1s,and TR = 9.8 ms. The
mean of transverse magnetization in all imaging TRs were calculated as excitation profile of
bSSFP acquisition.

Considering the difference between T1-weighted GRE data and T,/T1-weighted bSSFP data,
the dynamic signal ratio of GRE and bSSFP in bicarbonate and lactate acquisition were
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simulated using analytic models*445 to compare the SNR and relaxation effects expected in
HP data. The simulation parameters included T1 = 25 s, To* = 35 ms, temporal resolution =
3's, flip angle = 30°/60° (GRE/bSSFP), readout duration = 25/3.8 ms (GRE/bSSFP). In the

bSSFP sequence, TR =9.8/15.3 ms (bicarbonate/lactate), and the echo train length for each
time point = 64.

To evaluate MS-bSSFP sequence and MS-GRE sequence, the point spread functions were
simulated with parameters: T,* = 35/70 ms,* readout duration = 25/3.8 ms (GRE/bSSFP),
off-resonance frequency = 0/10/20 Hz. All signals were normalized by the maximum signal
without off-resonance effect and To* relaxation.

Phantom Experiment

The phantom experiments were performed to measure the excitation profile of the designed
RF pulse and bSSFP sequence. One 13C-enriched 8 M urea phantom doped with a Gd-based
contrast agent (T1~ s) was scanned by the 3 T GE scanner with a 13C transceiver animal
birdcage coil (1-channel). To measure the excitation profile at all metabolite frequencies, the
off-resonance frequencies of 13C signal were set with +40 Hz frequency ranges of pyruvate,
pyruvate hydrate, alanine, lactate and bicarbonate, respectively. Other parameters included
size of phantom (diameter 1cm and length 6.5 cm), resolution = 1x1 cm?, TR = 500 ms, flip
angle = 60°, and NEX = 400.

Animal Experiment

Animal studies of hyperpolarized [1-13C]pyruvate imaging were conducted on five healthy
adult Sprague-Dawley (SD) rats with three identical injections to quantify the 3D 13C-
bicarbonate MS-bSSFP sequence in vivo using hyperpolarized [1-13C]pyruvate. All animal
experiments were approved by the University of California, San Francisco Institutional
Animal Care and Use Committee (IACUC). The rats were anesthetized and cannulated in
the lateral tail vein.38

The hyperpolarized solution containing 60 uL [1-13C]pyruvate acid, 15 mM OXO063 trityl
radical, and 1.5 mM Gd-DOTA was polarized using microwaves in a SPINIab system

for about 4 hours. The polarized sample was then quickly dissolved in sterile water and
neutralized with a buffer solution. In each scan, a 2.5 mL dosage of hyperpolarized solution
injected into the rat via the tail vein over a period of 12 seconds.

Animal data were acquired on a 3 T GE clinical scanner with a H/13C transceiver animal
birdcage coil (1-channel). Table 1(a) shows the sequence parameters of hyperpolarized
[1-13C]pyruvate animal studies.

Considering the concentrations of three metabolites are quite different, a variable resolution
approach was used to provide balanced signal amplitudes.3® The 2D MS-GRE sequence
consists of a spectral-spatial excitation pulse*’ (80 Hz passband, 770 Hz stopband, 25.17
ms duration) and a single-shot spiral readout (25 ms duration). The imaging sequences
were automatically triggered after the end of injection and included real-time frequency
calibration.*® In Experiment A, a real-time B1* calibration® was performed after frequency
calibration. In Experiment B and C, only B;* maps were measured but the B; scaling

J Magn Reson. Author manuscript; available in PMC 2024 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 5

was kept same as the value in Experiment A for consistency in comparisons. Before and
after hyperpolarized 13C imaging, anatomical localizers were acquired by a proton bSSFP
sequence (FOV 16x16x12 cm?, resolution 1x1x2 mm3). In addition, the By field map was
acquired by a proton IDEAL 1Q sequence (FOV 20x20 cm?, resolution 1.25x1.25x10 mm3)
with local shimming. The shimming values were also used during 13C data acquisition.

Human Studies

To demonstrate and evaluate the feasibility of 3D bicarbonate MS-bSSFP strategy in the
clinical setting, brain studies were performed on two healthy volunteers and one renal study
was performed on a renal carcinoma cell (RCC) patient. All human studies were performed
under UCSF institutional review board approved protocols.

The contrast agents used for imaging, containing 1.47 g Good Manufacturing Practices
(GMP) [1-13C]pyruvate acid and 15 mM electron paramagnetic agent AH111501, were
polarized in a 5 T SPINIab polarizer for 3-4 hours before being rapidly dissolved, filtered
and neutralized. Prior to injection, the hyperpolarized probe was passed through a 0.2

um sterile filter that was integrity tested. Finally, a 0.43 mL/kg body weight dosage of
hyperpolarized [1-13C]pyruvate followed by a 20 mL saline flush was injected at 5 mL/s.

For the brain studies, each of two healthy volunteers received a single hyperpolarized
[1-13C]pyruvate injection. The first study (Male, Age 59) was performed during our initial
testing of the regional bolus tracking and real-time B4 calibration methods*9, and for
comparisons we matched study parameters as close as possible for the second study (Male,
Age 41) that used the 13C-bicarbonate MS-bSSFP acquisition. This design was chosen to
test the method with limited availability at the time of SPINIab fluid paths for human
studies. For both studies, H/13C imaging data from the human brain were acquired using a
birdcage coil for RF transmit with an integrated 24-channel receiver (Rapid Biomedical,
Wiirzburg, Germany). Table 1(b) shows the parameters for the 13C human brain data
acquisition. In particular, we matched the voxel size, temporal resolution, and GRE flip
angles, as these have the most significant impact on the resulting dynamic signal levels.
Hyperpolarized 13C data acquisition started 5 s after the saline flush finished. In each scan,
one real-time frequency calibration was performed over a central axial slice of the brain to
measure the [1-13C]pyruvate frequency. The spectrum is shown in Figure S8. Multi-slice
Bloch-Siegert B;* maps were acquired as a reference and the transmit gain was calibrated
by the middle slice B;* scale within the brain. Similar to the Experiment A and B in animal
studies, the data of [1-13C]pyruvate and [1-13C]lactate were collected by 2D MS-GRE
sequences and 13C-bicarbonate data were acquired by the 3D MS-bSSFP sequence and 2D
MS-GRE sequence in separate experiments.

For the renal study, one 61-year-old female patient with a multilobulated solid and cystic
mass on the left kidney participating in a kidney cancer trial was recruited to demonstrate the
feasibility of 3D bicarbonate MS-bSSFP. 13C were acquired using a semi-flexible transmitter
and 8-channel receive array (QTAR system, Clinical MR Solutions, Brookfield WI, USA).
Table 1(c) shows the acquisition setting and parameters in 13C renal study. The other
acquisition settings were the same as previous studies®. Note that only the unaffected kidney
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of this subject is shown because the imaging results in the kidney with the renal mass were
inconclusive.

For brain studies, proton anatomical images were acquired with a 3D T;-weighted Brain
Volume imaging (BRAVO) sequence with an FOV of 25.6x25.6x19.6 cm3 and a resolution
of 1x1x0.5 mm3. For renal study, proton anatomical images were acquired with a single-
shot fast spin echo (FSE) sequence with an FOV of 42x42 cm? and a resolution of 1.6x1.6
mm?2, slice thickness 6 mm. Additionally, the B field maps were measured using an IDEAL
IQ sequence (Brain study: FOV 34x34 cm?, resolution 1.33x1.33x3 mm3, 20 slices; Renal
study: FOV 44x44 cm?, resolution 1.72x1.72x10 mms3, 16 slices) and localized gradient
linear shimming of the targeted organ volume to improve the B field homogeneity prior to
the hyperpolarized 13C MR acquisition.

Image Reconstruction and Data Analysis

For both animal and human studies, data processing was utilized Matlab 2021 software
(Mathworks Inc.). The spiral data were processed by gridding®® (http://web.stanford.edu/
class/ee369c/mfiles/gridkb.m) and inverse Fourier transformation. In the human study,
multi-channel data were processed by pre-whitening® and coil combination®! using coil
sensitivity maps estimated from the pyruvate data. The normalization for each metabolite’s
hyperpolarized 13C data were performed using the standard deviation of the noise-only
data acquired at the last time point. The metabolite area-under-curve (AUC) SNR ratio
images were calculated by the division between two metabolite AUC images with noise
normalization. The dynamic hyperpolarized 13C signals of all metabolites were additionally
normalized according to the maximum signal of [1-13C]pyruvate.

In the animal studies, to estimate the in vivo T, of bicarbonate and lactate, a dynamic SNR
ratio between 3D MS-bSSFP data and 2D MS-GRE data were measured on the kidney

of each rat (N = 5) over 15 time points including a noise offset correction by power
analysis method®2. To correlate the metabolite hyperpolarized data across two injections,
normalization factors were calculated by the maximum pyruvate signal in each experiment.
Approximate estimates of the in vivo T, values were based on visual inspection and
matching of the simulated and experimental dynamic SNR ratio curves.

In the human brain study, a region-of-interest (ROI) placed on the whole brain in the brain
was drawn to measure the dynamic data of all metabolite signals. For display reasons, the
bicarbonate dynamic images were displayed with the urea phantom region masked out.

3. Results

Simulations and Phantom Studies

The Bloch equation was used to simulate the excitation profiles of 3D bicarbonate MS-
bSSFP sequence. Figure 1(b) shows the average transverse magnetization over all readouts
by Bloch simulation, and the green dashed lines showed banding artifacts occurring over
30 Hz away from the other metabolites resonance frequencies. When a 60° excitation

was simulated, a frequency shift of £20 Hz led to a 20% increase in signal intensity

for on-resonance bicarbonate. In the £35 Hz frequency shift range around the other
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metabolites frequencies, the simulated excited signal is always lower than 1% of bicarbonate
on-resonance frequency signal.

The urea thermal phantom study, presented in Figure 1(d), was used to validate the
excitation profiles of 3D bicarbonate MS-bSSFP sequence. The measured excitation profile
matched well with the simulation results. Simulations of the off-resonance point spread
function (Figure S3) show that there will be significant blurring artifacts if there is excitation
of undesired metabolites.

To compare the signal response and choice of flip angle between MS-bSSFP and MS-GRE
sequences, the AUC magnetizations were simulated for analysis (Figure S2). In the MS-
GRE sequence, both T1 and flip angle affect the AUC magnetization, with the highest
value being achieved at a 30° flip angle for the chosen TR. Meanwhile, in the MS-bSSFP
sequence, the AUC magnetization depends on Ty, T and flip angle. Here, we assumed

that the Ty is the same for each metabolite. The optimal flip angle of the MS-bSSFP
sequence becomes higher with an increase in T, as presented in Figure S2(b). However,
both [1-13C]pyruvate and [1-13C]lactate have measured T, < 1 s36:53 so we expect 13C-
bicarbonate to be similar. Based on this we expect the optimal flip angle for the bicarbonate
3D MS-bSSFP sequence is around 40°-60°.

Evaluating the point spread functions of the single-shot spiral MS-GRE sequence and
4-interleave stack-of-spirals used in the MS-bSSFP sequence, Figure 6 shows that the
MS-GRE trajectory will suffer more from off-resonance artifacts and T,* blurring than the
MS-bSSFP trajectory. These simulations also indicate that off-resonance artifacts are much
more significant over the ranges of off-resonance (10 an 20 Hz) and T,* (35 and 70 ms)
selected.

Animal Studies

Comparisons of 3D MS-bSSFP and 2D MS-GRE sequences analyzed in the rat’s kidney
and cardiac slices are shown in Figure 2. In the animal studies, [1-13C]pyruvate imaging
results were compared using two different acquisition methods with three injections (Figure
2). Comparing bicarbonate AUC images in Experiment A&C and B, the banding artifacts
are not observed on the 3D MS-bSSFP images. This was consistent with the By map

which shows the on-resonance frequencies of the heart and kidney that fell in the frequency

range of the passhand (ABg < ﬁ =+ 51 Hz). In the comparison of lactate AUC images

and bicarbonate AUC images between Experiment B and Experiment C, the right kidney
and heart shows more blurring artifact with the lactate and bicarbonate 2D MS-GRE
sequences compared to the 3D MS-bSSFP sequence. This can be ascribed to the larger
off-resonance frequency with the field map showing —17 Hz at right kidney and —32

Hz at the edge between heart and lungs, as expected from the simulation of the point
spread function in Figure 6. The SNR ratio maps show that the 3D MS-bSSFP sequence
leads to improved SNR when compared to the 2D MS-GRE sequence for both lactate and
bicarbonate. In both the heart and kidneys, the 3D MS-bSSFP bicarbonate sequence shows
a meanzstandard deviation of 3.02+0.93% and 2.58+0.54x SNR improvement over the 2D
MS-GRE bicarbonate sequence (Figure 2).
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Bicarbonate and lactate SNR ratios between 3D MS-bSSFP data and 2D MS-GRE data
over the renal regions of 5 healthy Sprague Dawley rats are presented in Figure 3(a&b).
Comparing to 2D MS-GRE sequences, the 3D MS-bSSFP bicarbonate sequence shows an
approximately 2.7x SNR increasement in the first five time points which decreases in the
later time points. The renal dynamic SNR ratio of bicarbonate data approximately matches
the T, = 0.5 s curve in the simulation results (Figure 3(c)). Similarly, comparing the lactate
signal ratio of 3D MS-bSSFP and 2D MS-GRE in the simulation (Figure 3(d)) and rat
kidney results (Figure 3(b)), the data approximately matches the simulated T, = 1.1s
curve.24

The comparison of dynamic HP 13C kidney images acquired by the 3D MS-bSSFP and

2D MS-GRE sequences are presented in Figure S4. The off-resonance blurring artifacts

in 2D MS-GRE data are clearly shown in both lactate images and bicarbonate images,
which is consistent with the simulation of point spread function at off-resonance frequencies
(in Figure 6). Due to the short T,* (~65 ms)*° and intrinsic lower concentration?? of
bicarbonate, bicarbonate data were acquired with lower resolution to obtain sufficient
SNR.30 Therefore, bicarbonate images suffer from larger partial volume effect than lactate
images, and meanwhile, the short T,* also leads to severe blurring artifact in 2D MS-GRE
images.

The dynamic curves of pyruvate, lactate, and bicarbonate signals in one animal study are
shown in Figure S5. All signals have been normalized by the first timepoint pyruvate signal
of each injection and corresponding noise signals. A larger signal fluctuation was observed
in the heart slice due to the higher signal level and heart motion. The signal decay rate of
both lactate and bicarbonate acquired by bSSFP sequence were found to be similar to that of
pyruvate acquired by 2D MS-GRE sequence.

Human Studies

In the HP [1-13C]pyruvate imaging human brain study, we compared 3D MS-bSSFP and

2D MS-GRE sequences on two healthy adult volunteers (Figure 4 and Figure S7) with
pyruvate, lactate, bicarbonate, and bicarbonate-to-lactate SNR ratio AUC images. Similar to
the animal experiments, no banding artifacts were observed in 3D MS-bSSFP bicarbonate
images. The 24-channel head coil produced a B;* field that was largely between 90-110%
of the desired value (Figure S6), which will lead to approximately +10% variation in
metabolite amplitudes across the brain. Comparing the bicarbonate-to-lactate SNR ratio
AUC images between these two studies in healthy volunteers, higher values are found across
the brain for the 3D MS-bSSFP sequence indicating it provides a higher SNR than the 2D
MS-GRE sequence.

Comparing the dynamic signal curve of bicarbonate in Subject A and Subject B (Figure 4), a
1.86% higher SNR was measured across the whole brain for 3D MS-bSSFP compared to 2D
MS-GRE for bicarbonate. The distribution of bicarbonate primarily in the gray matter is also
more clearly visualized in the dynamic 3D MS-bSSFP images.

In the human renal study, the 3D MS-bSSFP sequence was demonstrated to successfully
acquire lactate and bicarbonate data in the abdomen, shown in Figure 5. The abdomen
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typically has a larger By field inhomogeneity compared to the head (Figure S9), but

we did not observe any artifacts or distortion. The lactate and bicarbonate images show
excellent signal localized to the kidney. Both lactate-to-pyruvate ratio map and bicarbonate-
to-pyruvate ratio map show a consistent intensity pattern over the cortex of the kidney.

4. Discussion

In this study, we developed and investigated a 3D MS-bSSFP sequence for 13C-bicarbonate
imaging follow HP [1-13C]pyruvate injection with a center-out spiral readout and
demonstrated that it provides higher SNR than conventional 2D MS-GRE sequence and

has the potential to improve the spatial resolution. The excitation profile of bicarbonate-
specific excitation pulse was validated by the urea phantom experiments and the 3D MS-
bSSFP sequence was demonstrated by pre-clinical studies with no banding artifacts. The
bicarbonate data showed improvements of around 2.6+£0.5x and 3+0.9x in SNR for 3D
MS-bSSFP compared to 2D MS-GRE on the kidneys and heart in healthy Sprague Dawley
rats. In the human brain studies, the 3D MS-bSSFP bicarbonate sequence was compared
with 2D MS-GRE bicarbonate sequence and showed a 1.86x SNR improvement. The human
renal study demonstrated the feasibility of 3D MS-bSSFP bicarbonate sequence in the
abdomen as well where, compared to the head, a larger FOV and different RF coils are
required and there are notable differences in spatial distribution and perfusion. In particular,
there is the potential for larger variations in By (Figure S9) but these did not distort the
resulting images.

Compared to GRE sequences, bSSFP sequences can efficiently use magnetization via
refocusing the spins by a set of balanced gradients, instead of spoiling the residual
magnetization after each readout. This allows for larger flip angles to be used in MS-

bSSFP compared to MS-GRE and provides higher SNR. Comparing the signal decay

curve between 3D MS-bSSFP bicarbonate/lactate and 2D MS-GRE pyruvate in Figure S5,
they show similar signal decay rates, indicating the magnetization is well-preserved for
dynamic imaging. With a more efficient magnetization excitation, 3D MS-bSSFP sequence
is more suitable for HP 13C-bicarbonate imaging than 2D MS-GRE sequence. Compared

to SE sequences, bSSFP sequences eliminate the need to apply 180° pulses to refocus the
magnetization, which are challenging to use in dynamic HP metabolic imaging because
variations in refocusing pulse flip angles, for example in regions at the edge of RF

transmit coils due to B;* inhomogeneity or at the slice transition regions, can lead to rapid
depolarization. Both SE and bSSFP signal have T, encoding, which could be valuable for
quantification of T, values that have a big impact on the acquisition. Both sequences require
a long time to create measurable T, differences due to the relatively long T, of 13C-labelled
metabolites present3®. Because T effect can be restored in longitudinal magnetization and
stack in later time points, the T, can be estimated by combining different timepoint dynamic
signals for fitting as shown in these results (Figure 3). The MS-bSSFP technique requires 3D
encoding, since the RF pulses are only spectrally-selective, and we also rely on the spatial
selectivity from the RF transmit coil.

Both spiral and Cartesian EPI trajectories are well-suited for bSSFP technique in
hyperpolarized substrates because of the high duty cycle and efficient trajectories.2’-29
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However, considering the limited TR, multiple interleaves are also required when applying
spiral or EPI trajectories in bSSFP sequences. With the benefit of a shorter TE than the EPI
readout, the spiral readout can improve the SNR for 13C metabolites with a shorter To*,
while an EPI trajectory is more sensitive to motion effects and the T,* difference between
metabolites has the potential to affect quantification. Therefore, a center-out spiral readout
was utilized in the sequence for better SNR and motion robustness. The downsides of the
spiral trajectory are that it is more sensitive to gradient fidelity and suffers from strong off
resonance blurring artifacts. More severe blurring artifacts can furtherly reduce the signal
intensity (Figure 6). In the design of 3D MS-bSSFP bicarbonate sequence, we used an
interleaved spiral readout to shorten the readout duration for reducing off-resonance effects
and to achieve the optimal TR for bSSFP sequence.

The bicarbonate MS-bSSFP required 627 ms for acquiring the 64 readouts for encoding

the 3D volume, over which changes in signal amplitude due to relaxation or metabolic
conversion as well as motion could lead to blurring and artifacts. However, based on prior
HP studies we expect the changes in 13C-bicarbonate signal and motion of the kidneys and
brain to be relatively small over this duration. We also did not observe any apparent artifacts.
Translating this approach into cardiac metabolic imaging maybe challenging due to heart
motion, although maybe addressable by shortening the 3D acquisition through acceleration
methods such as parallel imaging and/or compressed sensing.

Due to a recent shortage of available SPINIlab fluid paths for human studies, we compared
results between single injections on two different healthy volunteers. The volunteers were
both males, aged 41 and 59. Prior work has shown that the lactate and bicarbonate
distribution, measured as a topography, was preserved across healthy subjects (N=14, aged
23-77)°4. Another study of four healthy volunteers measured bicarbonate:pyruvate ratios
of 0.07 £0.04 across the brain.®® This amount of variation is less that the ~2-fold signal
improvement we observed for MS-bSSFP versus GRE comparing across our two subjects.
Furthermore, the improvement in bicarbonate image quality was clear for the same voxel
sizes, and our animal studies had consistent improvements in bicarbonate signal with MS-
bSSFP. Taken together, we believe that the bicarbonate MS-bSSFP method was providing
improved SNR in the human brain, which agrees with the results in the rat studies.

Improving the SNR for bicarbonate can have benefits for other human studies. Bicarbonate
is a biomarker of PDH activity and plays a crucial role in the TCA cycle and tumor
detection. However, the low concentration of bicarbonate limits the measurement in the
human studies. In our study, we have proven the 3D MS-bSSFP bicarbonate sequence can
work well on the brain (Figure 4) and kidney (Figure 5) in vivo.

Considering the bSSFP sequence is a T1/T, weighted technique, the dynamic HP 13C signal
of the MS-bSSFP sequence is decreased due to both T4 relaxation and T, relaxation.43 It
indicates that MS-bSSFP sequence has the potential to fit both T, and T in vivo. In the
current study, we did not consider the effect of blood flow, which can lead to a dynamic
elongation of T4 and T, in the organs.**>6 However, comparing the signal ratio of 3D
MS-bSSFP and 2D MS-GRE between animal data and simulation results (Figure 3), the
animal data matches well when T, = 0.5 s for bicarbonate and T, = 1.1 s for lactate,
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which matches well to results in previous literature®” and indicates the T, of lactate and
bicarbonate is relatively stable in the first 45 s of acquisition time in the healthy kidneys of
Sprague-Dawley rats.

In the simulation of Figure S2(b), the optimal flip angle is affected by T, relaxation time. To
match the effective flip angle in GRE sequence, the flip angle of MS-bSSFP sequence was
set as 60°. The animal studies using this flip angle demonstrated an improvement in SNR of
approximately 2.6+0.5x to 3£0.9x. In future studies, it would be useful to optimize the flip
angle of 3D MS-bSSFP sequence to further improve the SNR of bicarbonate data.

Another open challenge with MS-bSSFP is quantification. In particular, current kinetic
modeling methods®8 only incorporate GRE signal models and do not account for refocusing
or T, relaxation that affect the bSSFP signal. Therefore, the T, mapping is likely to be
useful for both flip angle optimization and kinetic modeling of 3D MS-bSSFP sequence.
When combining MS-GRE and MS-bSSFP data, they will also experience different point
spread functions and SNR efficiency. These are both a result of the differences in readout
duration, where MS-GRE typically uses longer readouts that suffer more T2* and off-
resonance blurring, as well as potential blurring across the multiple encoding steps required
in MS-bSSFP (see above), and must be considered when developing analysis methods
combining MS-GRE and MS-bSSFP data.

5. Conclusion

In conclusion, we have developed an efficient approach for imaging 13C-bicarbonate in HP
[1-13C]pyruvate in vivo studies. Due to the repeated usage of the transverse magnetization,
the 3D MS-bSSFP method with bicarbonate-specific RF pulses and optimized TR provided
approximately 2-3x improved SNR than a GRE acquisition. With the advantage of

short readout durations compared with GRE methods, this MS-bSSFP method can also
reduce blurring artifacts caused by spiral trajectory. By combining 13C-bicarbonate and
[1-13C]lactate 3D MS-bSSFP, we achieved improved SNR of both metabolites, without
affecting 13C pyruvate imaging. This advancement enables better observation of this low
concentration metabolite, providing a potential way to investigate TCA cycle flux and
pyruvate oxidation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
(a&b) The excitation profiles of MS-bSSFP bicarbonate sequence simulated by Bloch

equation. (a) The excitation profile of bicarbonate-specific RF pulse alone with zoomed
views (40 Hz) at each metabolite frequency on the right side. (b) The excitation profile
of the RF pulse in a MS-bSSFP sequence (magnetization from the mean of 64 RF pulses).
The banding artifacts were shown by vertical green dot lines. (c) 13C urea phantom results
(shown by grey arrays) acquired by bicarbonate MS-bSSFP sequence. (d) The excitation
profiles in zoomed view (+40 Hz) at each metabolite frequency. The blue cross points
indicate the normalized signals of urea phantom.

J Magn Reson. Author manuscript; available in PMC 2024 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Liuetal.

Page 17

Exp A AUC Overlaid Images Exp B AUC Overlaid Images Exp C AUC Overlaid Images
MS-GRE: Pyruvate/Lactate MS-GRE: Pyruvate/Lactate/Bicarbonate MS-GRE: Pyruvate
MS-bSSFP: Bicarbonate MS-bSSFP: Lactate/Bicarbonate

Pyruvate - / : ; )
‘ 15
Lactate . l : * ) ; : ;
¢ \ AlE 3} : :
, ; J . J !
Bicarbonate, { o2
AR J
Lac./Pyr. ’ : ~N" , j ~
SNR Ratio Y, : fdn _ o
0 N = %
Bic'IPyr. -- - " - | . | :
SNR Ratio f Al . i ' .
Reference .
Images [ afiia

3D bSSFP (‘H) B0 map (°C Hz)

FIGURE 2.
Comparison between 3D MS-bSSFP sequence and 2D MS-GRE sequence in a healthy

rat, using three different experiments: pyruvate and lactate 2D MS-GRE, bicarbonate 3D
MS-bSSFP in Experiment A; pyruvate, lactate and bicarbonate 2D MS-GRE in Experiment
B; pyruvate 2D MS-GRE, lactate and bicarbonate 3D MS-bSSFP in Experiment C. AUC
images are scaled by maximum signal of each metabolite, while lactate-to-pyruvate and
bicarbonate-to-pyruvate SNR ratio images are presented by a fixed scale range. The right
kidney shows more blurring artifact with the lactate and bicarbonate 2D MS-GRE sequences
compared to the 3D MS-bSSFP sequence (shown by grey arrows). This can be ascribed to
the larger off-resonance frequency.
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FIGURE 3.

3D bicarbonate MS-bSSFP to 2D bicarbonate MS-GRE SNR ratio and 3D lactate MS-
bSSFP to 2D lactate MS-GRE SNR ratio of five healthy Sprague Dawley rat kidneys (a&b)
and corresponding simulations (c&d). The signals were measured on the kidneys of each rat
with a voxel SNR threshold higher than 3.
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FIGURE 4.
AUC images of pyruvate, lactate, and bicarbonate, and bicarbonate-to-lactate SNR ratio

maps and dynamic whole brain ROI curves of pyruvate, lactate, and bicarbonate on the brain
of two volunteers. AUC images are scaled by the maximum signal of each metabolite, while
bicarbonate-to-lactate and lactate-to-pyruvate SNR ratio images are presented by the fixed
scale range, showing a higher bicarbonate SNR acquired by the 3D MS-bSSFP sequence
than the 2D MS-GRE sequence. The SNR of the bicarbonate signal on both volunteers
peaks at around 8 s after acquisition starts. The normalized bicarbonate SNR peak of

3D MS-bSSFP is approximately 2.1 times higher than the normalized SNR peak of 2D
MS-GRE across the brain.
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FIGURE 5.
Hyperpolarized 13C AUC images of pyruvate, lactate, and bicarbonate of a human kidney.

The lactate-to-pyruvate and bicarbonate-to-pyruvate SNR ratio maps are displayed using a
fixed scale range.
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Point spread functions of the 4-interleave spiral readout used in the MS-bSSFP sequence and
the single-shot spiral readout used in the MS-GRE sequence with 0/10/20 Hz off-resonance
frequencies and 35/70ms T,* relaxation times.
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Summary of acquisition parameters in HP [1-13C]pyruvate imaging animal studies and human studies. Note
that while the voxel dimensions changed between Experiment A and B for the human studies, the voxel
volumes were fixed so we could compare SNR across experiments.

(a) Acquisition parametersin animal Study

Experiment A Experiment B Experiment C
Pyruvate 2D MS-GRE

FOV 8x8x16.8 cm?, resolution 2.5%2.5x21 mm3, TR 100 ms
Lactate 2D MS-GRE 3D MS-bSSFP

resolution 5x5x21 mm3, TR 100 ms resolution 5x5x21 mm?3
Bicarbonate | 3D MS-bSSFP 2D MS-GRE 3D MS-bSSFP

resolution 7.5%x7.5x21 mm3 | resolution 7.5x7.5x21 mm3, TR 100 ms | resolution 7.5x7.5x21 mm?3

FOV 24x24x24 cmd, resolution 15x15x15 mm3(3.37 cc)

ALL Temporal resolution 2.5 s, 30 timepoints Temporal resolution 2.8 s, 30 timepoints
(b) Acquisition parametersin human brain study
Experiment/Subject A Experiment/Subject B
Pyruvate 2D MS-GRE 2D MS-GRE
FOV 24x24x15 cmd, resolution 7.5x7.5x15 mm?3 (0.84 cc), | FOV 31.7x31.7x16.8 cm?, resolution 6.34x6.34x21 mm? (0.84
TR 110 ms cc), TR 125 ms
Lactate 2D MS-GRE 2D MS-GRE
resolution 15x15x15 mm? (3.37 cc), TR 110 ms resolution 12.68x12.68x21 mm? (3.37 cc), TR 125 ms,
Bicarbonate 3D MS-bSSFP 2D MS-GRE

FOV 31.7x31.7x16.8 cm3, resolution 12.68x12.68x21
mm?3(3.37 cc), TR 125 ms

FOV 46x46x33.6 cm3, resolution 1x1x2.1 cm3

Bicarbonate

3D MS-bSSFP
FOV 92x92x33.6 cm3, resolution 2x2x2.1 cm?3

ALL temporal resolution 3 s, 30 timepoints
B;* Mapping | 2D MS-GRE with Bloch Siegert method on pyruvate frequency
FOV 45x45x9 cm3, resolution 1.5x1.5x30 mmd, slice gap = 4.5 cm, 3 slices, TR 200 ms, flip angle 8°, wge 4.5 kHz
(c) Acquisition parametersin human renal study
Pyruvate 2D MS-GRE
FOV 50x50 cm?, resolution 1x1x2.1 cm3, TR 80 ms
Lactate 3D MS-bSSFP

ALL temporal resolution 3.5 s, 30 timepoints
(d) Common Sequence Parameters
2D MS-GRE Tread 22 ms, flip angle 20° (pyruvate) or 30° (lactate and bicarbonate), 8 slices
3D MS-bSSFP | Tpeaq 3.8 ms, flip angle 60°, echo train length 64, TR 9.8 ms (bicarbonate) or 15.29 ms (lactate), 16 slices

Notes: (a) Three experiments (A, B&C) were conducted to compare the lactate and bicarbonate signal acquired by two different sequences.

In experiment A, 2D MS-GRE sequence was used to acquire pyruvate and lactate signals and 3D MS-bSSFP sequence was used to acquire
bicarbonate signal. In experiment B, 2D MS-GRE sequence was used to acquire all metabolite signals. In experiment C, 2D MS-GRE sequence
was used to acquire pyruvate signal and 3D MS-bSSFP sequences were used to acquire lactate and bicarbonate signals; (b) Two experiments (A
and B) were conducted to compare the bicarbonate signal in the human brain using 2D MS-GRE and 3D MS-bSSFP sequences, respectively; (c) A
clinical trial was conducted on a patient with RCC to demonstrate the feasibility of the MS-bSSFP sequence.
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