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ARTICLE INFO ABSTRACT
Keywords: Background: Dynamic hyperpolarized (HP)-3C MRI has enabled real-time, non-invasive assessment of Warburg-
GBM related metabolic dysregulation in glioma using a [1-'*C]pyruvate tracer that undergoes conversion to [1-13C]

Hyperpolarized carbon-13 lactate and [**C]bicarbonate. Using a multi-parametric 'H/HP-'3C imaging approach, we investigated dynamic

Metabolism and steady-state metabolism, together with physiological parameters, in high-grade gliomas to characterize
Treatment effects .
IDH active tumor.

Methods: Multi-parametric 'H/HP-'3C MRI data were acquired from fifteen patients with progressive/treatment-
naive glioblastoma [prog/TN GBM, IDH-wildtype (n = 11)], progressive astrocytoma, IDH-mutant, grade 4
(G4APH+ 1 = 2) and GBM manifesting treatment effects (n = 2). Voxel-wise regional analysis of the cohort with
prog/TN GBM assessed imaging heterogeneity across contrast-enhancing/non-enhancing lesions (CEL/NEL) and
normal-appearing white matter (NAWM) using a mixed effects model. To enable cross-nucleus parameter as-
sociation, normalized perfusion, diffusion, and dynamic/steady-state (HP-13C/spectroscopic) metabolic data
were collectively examined at the '*C resolution. Prog/TN GBM were similarly compared against progressive
G4APH* and treatment effects.

Results: Regional analysis of Prog/TN GBM metabolism revealed statistically significant heterogeneity in 'H
choline-to-N-acetylaspartate index (CNDpax, [1-13C]lactate, modified [1—13C]lactate—to—[1—13C]pyruvate ratio
(CELyal > NELyay > NAWMy.); [1-'3C]lactate-to-[*3C]bicarbonate ratio (CELyal > NELya/NAWMya); and 'H-
lactate (CELya/NELya > NAWMyndetected). Significant associations were found between normalized perfusion
(cerebral blood volume, nCBV; peak height, nPH) and levels of [1—13C]pyruvate and [1—13C]1actate, as well as
between CNI,,x and levels of [1-13C]pyruvate, [1-'3C]lactate and modified ratio. GBM, by comparison to
G4A™PH* ) displayed lower perfusion %-recovery and modeled rate constants for [1-'3C]pyruvate-to-[1-13C]
lactate conversion (kp), and higher 'H-lactate and [1-'3C]pyruvate levels, while having higher nCBV, %-re-
covery, kpp, [1—13C]pyruvate—to—[1—13C]1actate and modified ratios relative to treatment effects.

Conclusions: GBM consistently displayed aberrant, Warburg-related metabolism and regional heterogeneity
detectable by novel HP-3C/'H imaging techniques.

Abbreviations: HGG, high-grade glioma; HP-13C, hyperpolarized carbon-13; mRANO, modified Response Assessment in Neurooncology; MCTs, monocarboxylate
transporters; prog/TN, progressive/treatment-naive; CNI, choline-to-N-acetylaspartate index; EPI, echo-planar imaging; EPA, electron paramagnetic agent.
* Corresponding author at: Department of Radiology and Biomedical Imaging, University of California, 185 Berry Street, Ste. 350, San Francisco, CA 94107, USA.
E-mail address: yan.li@ucsf.edu (Y. Li).
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1. Introduction

Following extensive development, hyperpolarized carbon-13
(HP-'3C) MRI is now being applied to characterize human brain meta-
bolism (Grist et al., 2019; Lee et al., 2020) and its Warburg-related
dysregulation (Warburg, 1956) associated with gliomas (Park et al.,
2018; Miloushev et al., 2018; Autry et al., 2020, 2021; Chen et al.,
2021). This emerging imaging technology relies on an exogenous
[1-'3C]pyruvate tracer whose 'C label undergoes dynamic nuclear
polarization (DNP) to transiently enhance MR signal by approximately
50,000 fold (Ardenkjaer-Larsen et al., 2003). Shortly after the intrave-
nous injection of HP [1-13C]pyruvate in patients, dynamic HP-!3C im-
aging captures the real-time perfusion and subsequent enzymatic
conversion of the metabolic substrate over a 60-s timescale. Within the
brain, conversion to either [1-13C]lactate via cytosolic lactate dehy-
drogenase (LDH) or [*3C]bicarbonate via mitochondrial pyruvate de-
hydrogenase (PDH) and carbonic anhydrase (CA) reflects the relative
glycolytic versus oxidative character of these respective canonical
pathways (Lunt and Vander Haden, 2011; Saraste, 1999).

With Warburg effects being a hallmark of tumor metabolism (Agni-
hotri and Zadeh, 2016), several translational investigations have sought
to evaluate the potential clinical value of in vivo HP-'3C imaging. In the
first HP-13C feasibility study performed on patients with glioma, spec-
troscopic data demonstrated the rapid uptake of [1-'3C]pyruvate
through the blood-brain barrier (BBB) and dynamic metabolism in the
brain (Park et al. 2018). Further investigation of serial HP-'3C imaging
provided evidence of aberrant metabolism in progressive contrast-
enhancing glioblastoma (GBM) as well as non-enhancing lower-grade
glioma, based on the regional kinetic modeling of [1-*C]pyruvate-to-
[1-'3C]lactate conversion (Autry et al., 2020). Besides excess [1-3cy
lactate production, these data supported reduced levels of [*3C]bicar-
bonate in GBM, consistent with Warburg modification to mitochondrial
oxidative phosphorylation (Saraste, 1999). More recent HP imaging
studies have corroborated such metabolic dysregulation in treatment-
naive patients with newly-diagnosed GBM (Chen et al., 2021; Zaccagna
et al., 2022) and demonstrated predictive value for response to therapy
in brain metastases of various origins (Lee et al., 2021). From the
perspective that alterations to glioma metabolism precede more
macroscopic anatomical and physiologic changes, HP data may reveal
early markers of tumor evolution and response to therapy that could
augment conventional imaging. This is of particular interest given the
longstanding diagnostic dilemma facing neuro-oncology in character-
izing glioma progression versus treatment-related effects from nonspe-
cific anatomical changes on MRI (Da Cruz et al., 2011).

While HP-!3C methods provide a readout of short-lived dynamic
metabolism in the brain, 'H spectroscopy has been shown to detect
various aspects of steady-state metabolism, which are also relevant to
evaluating glycolytic dysfunction and molecular alterations of glioma.
The use of steady-state magnetic resonance spectroscopic imaging (H-
MRSI) has enabled the detection of excess lactate that is formed in le-
sions through aerobic glycolysis and readily excreted by astrocyte
monocarboxylate transporters (MCTs) (Saraswathy et al.,, 2009;
Miranda-Goncalves et al., 2013). Moreover, the MRSI-based choline-to-
N-acetylaspartate (NAA) index (CNI) has been used as a composite
measure of aberrant metabolism, based on excess choline-containing
species associated with tumor proliferation, and reduced NAA levels
resulting from compromised neuronal function (McKnight et al., 2001).
Both steady-state lactate and CNI are well established as parameters
holding prognostic value (Saraswathy et al., 2009).

By using a multi-parametric 'H/HP-!C imaging strategy to evaluate
dynamic and steady-state metabolism, in conjunction with physiologic
features, this study aimed to improve the characterization of active
disease in patients with high-grade glioma (HGG). As a central focus of
the investigation, we assessed the presence of aberrant metabolism in
GBM and associated heterogeneity across anatomical lesions through
voxel-wise regional analysis of the data. Potential relationships between
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HP-'3C and 'H imaging parameters were also evaluated to determine
their relative association. Our primary hypothesis was that progressive
GBM would express region-dependent, heterogeneous metabolic dysre-
gulation that could be detected via HP-'3C techniques and thusly pro-
vide novel tumor contrast on imaging. Secondary analyses concerned
the potential to differentiate between HGG subtypes and active disease
versus treatment-related effects. Given the tremendous technical and
logistical demands of HP-13C experiments, this study is distinguished for
having the largest collection of HP data from patients with progressive
gliomas and represents the cumulative advancement of !3C-based
methodology.

2. Material and methods
2.1. Patient population

Fifteen patients (6/9 female/male; 51.7 + 11.2 years, mean + SD)
with newly diagnosed HGG (treatment-naive; TN, n = 2) or suspected
progression were recruited, and all the subjects provided written
informed consent in accordance with the University of California San
Francisco IRB procedures. Tumor classification and grading were per-
formed according to CNS WHO 2021 guidelines (Louis et al., 2021)
using surgically-derived tissue from 2 astrocytoma, isocitrate dehydro-
genase (IDH)-mutant, grade 4 (G4A™HHy and 13 GBM, IDH-wildtype.
Additional molecular information was obtained for each patient from
a comprehensive genetic panel that evaluated known pathologic muta-
tions in glioma (UCSF500 Cancer Gene Panel Test, UCSF). Among those
with suspected tumor progression, the determination of progression (n
= 2/9 G4A™Ht /GBM) versus treatment effects (n = 2 GBM) was made
either on the basis of surgical pathology or modified Response Assess-
ment in Neurooncology (mMRANO) imaging criteria (Ellingson et al.,
2017) together with serial imaging. Inclusion criteria required adults
with Karnofsky performance scores > 70; within-tolerance creatinine
clearance for receiving a gadolinium-based contrast agent; and normal
cardiac function, as measured by EKG. Additionally, prior treatment
with anti-angiogenic agent bevacizumab was an exclusionary factor
because of the known impact to HP kinetics (Autry et al. 2020). A total of
19 multi-parametric HP-'3C/'H MR examinations were performed, with
4 subjects having undergone a second MRI for another suspected
progression.

2.2. HP-'3C/'H MR examination

All MR imaging data was acquired on a 3 Tesla MR750 scanner (GE
Healthcare Technologies, Waukisha, WI) using either a dual-tuned 8/24-
channel 'H/'3C headcoil (14/19 scans, Rapid Biomedical, Rimpar,
Germany) or a combination of the 8-channel bilateral '*C paddle coils
(4/19 scans) or '3C volume headcoil (1/19 scans) for carbon imaging
(Autry et al., 2020) and separate 32-channel 1H headcoil for proton
imaging. The dual-tuned coil enabled a continuous exam with integrated
'H/HP-13C imaging, whereas other hardware configurations necessi-
tated the swapping of receiver coils in between 13C and 'H series.

Preparation of the HP agent entailed compounding and polarization
procedures. Pharmacy kits containing a mixture of 1.432 g [1-'3C]py-
ruvic acid (MilliporeSigma, Miamisburg, OH) and 28 mg electron
paramagnetic agent (EPA: AH111501; GE Healthcare, Oslo, Norway)
were prepared under ISO 5 environment. During polarization, the
sample was maintained at 5 Tesla and 0.8 Kelvin for > 2.5 hr in a
SPINlab (General Electric, Niskayuna, NY) while being irradiated at
microwave frequencies near 140 GHz. Upon initiating experiments,
polarized samples were rapidly heated for dissolution in sterile water;
passed through an EPA filter; and neutralized and diluted using a sodium
hydroxide tristhydroxymethyl) aminomethane/ethylenediaminetetra-
acetic acid buffer solution. An integrated quality control (QC) system
measured the resulting pH, temperature, residual EPA concentration,
volume, [1-13C]pyruvate concentration, and polarization level. Before
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collection in a MEDRAD syringe (Bayer HealthCare, Pittsburgh, PA), the
sample underwent terminal sterilization in a filter (0.2 pm; ZenPure,
Manassas, VA).

Contingent on acceptable QC parameters (polarization > 15%; py-
ruvate concentration, 220-280 mM; EPA concentration < 3.0 pM; pH,
5.0-9.0; temperature, 25-37 °C; volume > 38 mL; and bubble point test
on sterilizing filter passed at 50 psi), a pharmacist released the HP
[1-13C]pyruvate tracer for injection with a dosage of 0.43 mL/kg and 5
mL/s delivery rate, followed by a 20 mL sterile saline flush. HP data
were acquired using a dynamic 2D multi-slice echo-planar imaging (EPI)
sequence (TR/TE = 62.5 ms/21.7 ms, 24 x 24 cm? FOV, 8 slices, 20
timepoints, 3 s temporal resolution, 60 s total acquisition time) with 15
x 15 x 15 mm?® spatial resolution, which sequentially excited [1-13C]
pyruvate (Pyr), [1—13C]1actate (Lac) and [13C]bicarbonate (Bic) reso-
nances according to the flip angle scheme [otpyr,01ac,0bic] = [20°,30°,30°]
(Gordon et al., 2019). The [1-13C]pyruvate center frequency was refer-
enced using either a coil-embedded 1 mL 8 M '3C-urea phantom or water
with an empirically-determined 'H-'3C gyromagnetic conversion ratio
(0.251491899). A 5 s acquisition delay post injection accommodated the
systemic circulation of HP [1-13C]pyruvate. Following HP-'3C injection,
patient vital signs (blood pressure, pulse) were monitored for safety by
the attending nurse.

The 'H MRI brain tumor protocol included T,-weighted fluid-
attenuated inversion recovery (FLAIR); pre/post-contrast T;-weighted
inversion recovery spoiled gradient echo (IR-SPGR); 24-direction
diffusion (TR/TE = 7500/62 ms, matrix = 128 x 128, voxel size =
1.9 x 1.9 x 2mm?>, b = 1000 s/mm?)(1/19 cases had clinical diffusion
acquired); and dynamic susceptibility contrast-enhanced (DSC) perfu-
sion images (TR/TE = 1250-1500/ 35-54 ms, 30-35° flip angle, 128 x
128 matrix, 3-5 mm slice thickness, 7-15 slices; 3 mL/s bolus injection
of 0.1 mmol/kg gadolinium diethyltriamine penta-acetic acid; Lupo
et al., 2007). In earlier exams where dual-tuned hardware was unavai-
lable, T,-weighted fast spin-echo (FSE) images were acquired for
anatomical reference using the 'H body coil. 'H lactate-edited MR
spectroscopic imaging (MRSI; TR/TE = 1300/144 ms, matrix size = 18
x 18 x 16, nominal voxel size =1 x 1 x 1 cm®, flyback echo-planar
readout; Tacq=~10 min; Park et al., 2011) was also acquired to pro-
vide a readout of steady-state metabolism in the brain in all but one
exam.

2.3. HP-13¢/'H data processing

EPI data were prewhitened via Cholesky decomposition (Nash,
1990) of the noise covariance matrix, channel-combined using complex
weights from the fully sampled [1-1*C]pyruvate signal (Zhu et al.,
2019), phased and denoised (Kim et al., 2021). Combined kinetic
modeling of rate constants for pyruvate-to-lactate (kpy,) and pyruvate-to-
bicarbonate (kpg) conversion was performed on dynamic data using an
inputless model (Larson et al., 2018). Rate constant errors were esti-
mated from nonlinear least squares residuals from fitted traces and
thresholded < 25%. Summing the data over time provided area-under-
the-curve (AUC) metabolite images, which were normalized by flip
angles and thresholded at a signal-to-noise ratio (SNR) > 5 to obtain
nLac-to-nPyr, nLac-to-nBic, and nBic-to-nPyr ratios. Because pyruvate
forms the dominant contribution to HP signal in the brain, with only a
small fraction undergoing conversion, there is a substantial portion that
represents non-metabolically-active vascular substrate or excess accu-
mulation. This has a confounding effect on the evaluation of nLac-to-
nPyr ratios and kp;, modeling, which depend on the vascular content of a
given region. To account for such vascular substrate, we proposed a
modified nLac-to-nPyr ratio that normalizes the total pyruvate signal
with respect to unconverted tracer. By subtracting metabolite signal
representing pyruvate that has undergone conversion, we tentatively
expressed  “vascular  pyruvate” using the proportion of
nPyr —(nLac +nBic) relative to the total carbon signal, nPyr + nLac +
nBic:
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nPyr — (nLac + nBic)
nPyr| —————
nPyr + nLac + nBic
To obtain a corrected measure of pyruvate, the “vascular pyruvate”
was subtracted from the total pyruvate:
nPyr — (nLac + nBic)
Pyr—nPyr|————— -
ey yr[ nPyr + nLac + nBic
Substituting this expression for corrected pyruvate into the standard
lactate-to-pyruvate ratio and rearranging yields the modified ratio:
nLac

__ nPyr—(nLac+nBic)
nPyr [1 nPyr+nLac+nBic

Modified ratio =

Percentile maps ([1-'*C]Pyrpe, [1-'*ClLacper, [**CIBicye) of AUC
metabolite images were calculated over the entire brain to report on
individual resonances. Rate constant maps and AUC images were line-
arly interpolated by a factor of 2 in-plane to improve regional compar-
ison with proton-based parameters.

White matter was segmented on pre-contrast T;-weighted images
using the FSL FAST algorithm (Zhang et al., 2001), then refined by
removing cortical and deep grey structures of the AAL3 atlas (Rolls et al.,
2020). The To-hyperintense FLAIR lesion (T2L) and contrast-enhancing
lesion (CEL) were semi-automatically segmented with 3D Slicer software
(Menze et al., 2015). A normal-appearing white matter (NAWM) mask
was generated by subtracting the T2L from segmented white matter; and
the non-enhancing lesion (NEL) was defined as T2L minus CEL. For the 5
exams where data were acquired with separate 'H and '3C receiver coils,
R images and ROIs were aligned to FSE images (Autry et al., 2020)
obtained during the 13C exam using FSL FLIRT (Jenkinson and Smith,
2001). Interpolated '3C data voxels were exclusively categorized as
NAWM, NEL or CEL based on the percent volume occupied by associated
'H ROIs: NAWM (>60%), NEL (>60%), or CEL (>20%).

'H imaging data were processed as described previously to generate
established imaging parameters for evaluating patients with glioma,
including apparent diffusion coefficients (ADC; Basser and Pierpaoli,
1996) from diffusion imaging; relative cerebral blood volume (rCBV),
peak height (PH) and percent recovery (REC) from DSC perfusion (Lupo
et al.,, 2007). The 3D MRSI data were reconstructed using in-house
software that applied time domain apodization, Fourier trans-
formation, frequency and phase correction, baseline removal, and peak
estimation for individual metabolite amplitudes (Nelson, 2001; Crane
et al., 2013); lactate intensity was estimated from the difference spectra
of editing pulse ON/OFF cycles (Park et al., 2011). Calculation of CNI
was performed through an automatic, iterative procedure that generated
z-scores based on the abnormality presented by relative levels of total
choline and NAA over the entire spectral array (McKnight et al., 2001).
Diffusion and perfusion parameters were normalized (n[parameter]) by
the median values within normal-appearing white matter (NAWM),
while 'H-lactate was normalized by median NAA in NAWM.

2.4. Statistical analysis

To evaluate multi-parametric imaging in the same space, masks at
the interpolated 3C resolution (7.5 x 7.5 mm? in-plane, 2x interpola-
tion; 15-mm slice thickness) were iteratively applied to 'H data on a
voxel-wise basis. Median (med), mean, maximum (max) and 10th/90th
percentile values of 'H data were calculated within each '3C-resolution
ROI (CEL, NEL, NAWM) voxel. Multi-parametric data were then
collectively compared across ROIs and patient groups using a random
mixed effects model that accounted for repeated ROI sampling within a
patient. In the 4 cases where patients were scanned twice, each scan was
treated as independent due to the evolved tumor presentation, including
the emergence of a new focus, intervening surgery/treatment, and or
long inter-scan intervals (see Supplementary Table 1). Associations be-
tween 'H and HP-13C parameters were assessed in patients with prog/
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TN GBM using a linear mixed effects model, which included the CEL as a
fixed effect, and the patient as a random intercept to account for within-
subject correlations; an additional CEL*'3C interaction term was also
tested. Akaike information criterion (AIC) values were used to compare
the fit qualities of the models (with and without interaction), and the
model with the lower AIC was chosen. As this was an exploratory
analysis, no correction was made for multiple comparisons. Analyses
were performed in R v4.0.2.

3. Results
3.1. Patient characterization

Table 1 contains a clinical summary of the fifteen patients recruited
to the study, with 2 subjects being treatment-naive prior to imaging and
the remainder having received a variety of adjuvant therapies alongside
standard-of-care treatment with external beam radiotherapy (RT) and
temozolomide (TMZ). Among those with suspected tumor progression,
confirmation of progression at each timepoint was determined either by
a subsequent surgery (n = 1/8 instances, G4A™PH /GBM) or mRANO
(Ellingson et al., 2017) imaging criteria (n = 2/5 scans, G4APHT GBM);
whereas treatment effects were evaluated either on the basis of surgical
pathology (n = 0/1 instance, G4A™""/GBM) or serial imaging (n = 0/2
scans, G4APHT/GBM). Such classification provided three distinct pa-
tient populations for analysis: prog/TN GBM (n = 11; 9/2 prog/TN),
progressive G4APH (n = 2), and GBM exhibiting treatment effects (n =
2).

Fig. 1 demonstrates the molecular diversity of patient lesions from
pathologic mutations identified by the UCSF500 genetic panel.
Segmented NEL and CEL volumes are provided for each scan in Sup-
plementary Table 1, with mean volumes of GBM (CEL/NEL = 10.8/57.6
cm?®) and astrocytoma, IDH-mutant, grade 4 (CEL/NEL = 1.7/28.0)
revealing that IDH-mutant tumors were typically smaller in size and
sometimes almost entirely non-enhancing. This table also includes the
inter-scan intervals and treatment for the 4 patients who were scanned
twice.

Table 1
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Fig. 1. Molecular tumor characterization. Pathological mutations identified
in patients with GBM and G4A™"" based on the UCSF500 genetic panel.

3.2. Regional analysis of progressive/TN GBM

Two patients with characteristic multi-parametric *H/HP-'3C pro-
files of TN GBM are presented in Fig. 2. While both exhibited clear el-
evations in AUC HP [1-13C]Pyr and HP [1-'3C]Lac within the lesion, a
slightly different emphasis is placed on their vascular versus metabolic
characteristics, based on the particular circumstances of data collection
and the unique examples they offer. The first patient displayed classic
angiogenic abnormalities in the CEL on the basis of elevated rCBV from
DSC perfusion and AUC HP [1-13C]Pyr, which, unlike Gd chelates, is
actively transported across the plasma membrane as a small molecule?!
(Fig. 2A). The elevations in AUC HP [1-'3cy Pyr generally mirrored those

HGG patient population. Clinical summary of patient characteristics, including diagnosis, progression status and treatment history. Follow-up intervals are indicated
for patients with progression determined by mRANO criteria. NA, not applicable; IDH, isocitrate dehydrogenase; mRANO, modified Response Assessment in Neu-
rooncology; Tx, treatment; Sx, surgery; RT, radiotherapy; TMZ, temozolomide; CCNU, lomustine.

Patient Diagnosis Disease Age Progression vs treatment Method of assessing progression/ Tx  Treatment history
D status (yn), effect status at time of scan  effects (follow-up intervals in
Sex months)
P-01 astrocytoma, IDH- recurrent 29F progression mRANO (2, 1) Sx, RT/TMZ
mutant, grade 4
P-02 astrocytoma, IDH- recurrent 33M progression surgery Sx, RT/TMZ, Optune
mutant, grade 4

P-03 GBM, IDH-wildtype recurrent 55 M progression mRANO (2) Sx, RT/TMZ, CCNU, trametinib,
everolimus, abemaciclib

P-04 GBM, IDH-wildtype recurrent 45M progression surgery, mRANO (2.5) Sx, RT/TMZ, nivolumab, poliovirus
infusion

P-05 GBM, IDH-wildtype recurrent 55F progression surgery, surgery Sx, RT/TMZ

P-06 GBM, IDH-wildtype recurrent 55M progression surgery Sx, RT/TMZ

P-07 GBM, IDH-wildtype recurrent 41F progression surgery Sx, RT/TMZ, olaparib, afatinib

P-08 GBM, IDH-wildtype recurrent 70F progression mRANO (1) Sx, RT/TMZ, CCNU, afatinib,
abemaciclib

P-09 GBM, IDH-wildtype recurrent 62 M progression mRANO (3) Sx, RT/TMZ, Newcastle Disease virus
+ hyperthermia, olaparib,
everolimus

P-10 GBM, IDH-wildtype recurrent 57 M progression mRANO (0.5) Sx, RT/TMZ

P-11 GBM, IDH-wildtype recurrent 52F progression surgery Sx, RT/TMZ

P-12 GBM, IDH-wildtype newly 58 M NA surgery treatment-naive

diagnosed
P-13 GBM, IDH-wildtype newly 55 M NA surgery treatment-naive
diagnosed
P-14 GBM, IDH-wildtype recurrent 45F treatment effects surgery Sx, RT/TMZ, pamiparib (BGB-290)
P-15 GBM, IDH-wildtype recurrent 63 M treatment effects serial imaging (2, 2) Sx, RT/TMZ, Optune
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Fig. 2. 1H/HP-'3C MRI of treatment-naive GBM. Multi-parametric H/HP-'3C MRI data from two patients with TN GBM (red arrows) are overlaid on T;-weighted
post-contrast(Gd) images. In the first case, the steady-state metabolic abnormality defined by 'H spectroscopic CNI is co-localized with the rCBV and HP [1-!3C]Pyr
perfusion abnormalities, as well as excess levels of HP [1-'3C]Lac; the diffusion ADC map displays both hyper- and hypo-intense regions (A). The second case clearly
demonstrates upregulated Warburg metabolism within the lesion through excess production of lactate (steady-state 'H-Lac; HP [1-'3C]Lac) and concomitant
reduction in HP [*3C]Bic; the kp map describing [1-'3C]Pyr-to-[1-'3C]Lac conversion also shows lesion contrast (B). Yellow arrows demark axial (Ax) slice locations
on the coronal plane. Dynamic HP metabolite traces corresponding to the outlined lesion (orange box) in B depict aberrant metabolism over the 60-s acquisition (C).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

of rCBV, with slight deviations being attributable to differences in
spatial resolution, 'H/'3C coil profiles and tracer size. In this case, the
metabolic abnormality is demarked by elevations in AUC HP [1-3C]Lac
from HP-'3C imaging and CNI from 'H MRSI (‘H-lactate-edited data
were not collected). This was the only instance where HP data were
acquired with a '3C volume receiver coil, allowing AUC metabolite maps
to be viewed without the sensitivity bias of a multi-channel coil (ratio/
kinetic maps are unaffected). The second patient highlights the elevated
AUC HP [1—13C] Lac and concomitant reduction in AUC HP [13C]Bic in
the CEL, indicative of altered dynamic metabolism (Fig. 2B; see Sup-
plementary Fig. 1 for HP-13C metabolite SNR). Whereas HP [1-13C]
Lac was observed throughout the brain, spectroscopic measurement of
steady-state 'H-Lac demonstrated localization in the lesion. Elevations
in maps of CNI and kinetic rate constant kp;, helped delineate the most

proliferative and glycolytically active portions of the lesion, respec-
tively. Although kp;, was not consistently elevated across the GBM
population, this patient showed perhaps less vascular influence from HP
[1-13CIPyr on kinetic modeling (modeling of kpy was generally
compromised in the lesion due to low [*3C]Bic SNR).

As shown in Fig. 3 and Table 2, multi-parametric *H/HP-!3C imaging
of patients with prog/TN GBM (n = 11 subjects /13 scans) revealed
regional heterogeneity based on the voxel-wise ROI analysis. All of the
imaging parameters reporting on diffusion, perfusion, and steady-state/
dynamic metabolism displayed statistically significant differences be-
tween the CEL and NAWM. When comparing CEL versus NEL, only
RECmed, NADCped, and [*3C]Bic/ [1—13C]Pyr lacked statistical signifi-
cance. Importantly, [1-'3C]Pyrpc (CEL vs. NEL, CEL vs. NAWM, NEL vs.
NAWM: p < 0.001, <0.001, <0.001), [1-'3C]Lacpe (p < 0.001, <0.001,
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Fig. 3. Regional heterogeneity in prog/TN GBM. Multi-parametric 'H/HP-'3C MRI displayed significant regional heterogeneity within prog/TN GBM lesions and
relative to NAWM: nCBV yed (A), TADCped (B), CNIpax (C), "H-nLacmax (D), [1-"3CIPyrpe (E), [1-'3ClLacyc (F), [1-'*ClLac/[**C]Bic (G) and modified ratio (H). Mixed
effects model significance: p < 0.001,***; p < 0.01,**; p < 0.05,*. CEL, contrast-enhancing region; NEL, non-enhancing lesion; WM, normal-appearing white matter;
1, statistical significance could not be tested since no 'H-lacate was detected in WM.

<0.001), modified ratio (p = 0.014, <0.001, 0.001), and H spectro-
scopic CNIax (p < 0.001, <0.001, 0.002) were significantly different
among all 3 analyzed regions.

In HP-'3C imaging, the dynamic measures of [1-'>C]Pyr perfusion
and metabolism were shown to impart lesion contrast. The CEL was
distinguished from both the NEL and NAWM by elevations in [1-3cy
Pyrpet (CEL vs. NEL, p < 0.001; CEL vs. NAWM, p < 0.001), [1-3C]Lacp
(CEL vs. NEL, p < 0.001; CEL vs. NAWM, p < 0.001) and modified ratio
(CEL vs. NEL, p = 0.001; CEL vs. NAWM, p < 0.001); and increased
[1-'3c]Lac/[*3C]Bic (CEL vs. NEL, p = 0.008; CEL vs. NAWM, p < 0.001)
(Fig. 3;Table 2). The NEL was similarly differentiated from NAWM with
higher values of [1-"*C]Pyrpe (p < 0.001), [1-'3C]Lacpet (p < 0.001) and
modified ratio (p = 0.014), enabling isolation of the T2L using exclu-
sively HpP-13¢ parameters. Lower values of [13C]Bic/ [1-13C]Pyr were
also found in the CEL relative to NAWM (p = 0.023).

On the other hand, proton-based imaging distinguished the CEL from
both the NEL and NAWM on account of elevations in DSC perfusion
parameters median nCBV (nCBVp,eq) (CEL vs. NEL, p = 0.012; CEL vs.
NAWM, p = 0.015) and nPHy,eq (CEL vs. NEL, p < 0.001; CEL vs. NAWM,
p = 0.015), as well as higher values of 'H spectroscopic parameter
CNIpnax (CEL vs. NEL, p < 0.001; CEL vs. NAWM, p < 0.001) (Fig. 3;
Table 2). CNIyax additionally displayed higher values in the NEL versus
NAWM (p = 0.002), while DSC perfusion parameter REC,eq was only
able to differentiate CEL from NAWM (p = 0.002). The anatomic lesions
(CEL or NEL) were collectively distinguished from NAWM via increases
in nADCpeq (CEL vs. NAWM, p < 0.001; NEL vs. NAWM, p = 0.041) and
steady-state 'H-nLac from spectroscopy, which was only detected in the
CEL + NEL lesion.

The above parameters remained statistically significant when
removing the TN cohort (2 patients, 2 scans) from the analysis.

3.3. 'H/HP-13C associations within progressive/TN GBM

Cross-nucleus associations were evaluated among 'H/HP-'3C pa-
rameters of interest for dynamic/steady-state metabolism and perfusion,
based on their statistical relevance from the regional analysis of prog/
TN GBM. It was found within GBM lesions (T2L) that: nPHpeq was
associated with [1-'3C]Pyrpe; (p < 0.001) and [1-13C]Lacye (p < 0.001);
nCBVmeq Was associated with [1—13C]Pyrpct (p < 0.001) and [1-13¢]
Lacper (p < 0.001); and CNIpp,y was associated with [1-13C]Pyrpct <
0.001), [1-*ClLacper (p < 0.001), and modified ratio (p < 0.001)
(Fig. 4).

3.4. Progressive/TN GBM vs G4APH+

When comparing multi-parametric imaging of prog/TN GBM (n =11
subjects /13 scans) with the smaller cohort of progressive G4APH* (n =
2 subjects /3 scans), statistically significant differences were observed
across several parameters in the T2L. These included lower RECpeq (p <
0.001) and higher steady-state 'H-nLacyax (p < 0.001) from 'H imaging
in prog/TN GBM, as well as lower kp;, (p = 0.002) and higher [1-13C]
Pyrpee (p = 0.006) from HP-'3C data (Fig. 5; Table 2). Figs. 6 and 7
present an example of how elevated perfusion, as measured by [1-13C]
Pyrpc and gadolinium-based methods, might artificially lower kpy, values
in GBM relative to G4APHT,

3.5. Progressive/TN GBM vs treatment effects

Imaging differences in prog/TN GBM versus treatment effects were
highlighted in both the CEL and overall T2L. As compared to treatment
effects, prog/TN GBM displayed greater nCBVyeq (p = 0.007) and
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TH/HP-'3C MRI features of HGGs. Statistically significant multi-parametric *H/HP-'3C features characterizing patients with prog/TN GBM, treatment effects, and
G4A™H* Voxel-wise analysis was performed for 'H/HP-'3C parameters at the interpolated *C resolution (7.5 x 7.5 mm?, 2-fold in-plane interpolation; 15-mm slice

thickness). Tx effects, treatment-induced effects.

Comparison 1H/'3C Parameter Patients Parameter values median (lower, upper quartile) p-value (mixed effects model)
GBM ROIs (scans) CEL NEL NAWM CEL vs CEL vs NEL vs
NEL NAWM NAWM
DSC perfusion  nCBVpeq 11(13) 1.63 (1.20, 2.80) 1.33 (0.81, 2.02) 1.29 (0.88, 1.90) 0.012 0.015 NS
NnPHmed 11(13) 1.73 (1.24, 2.37) 1.29 (0.87, 2.02) 1.42 (0.98, 2.08) < 0.001 0.049 NS
RECmed (%) 11(13) 88.37 (84.67, 92.79)  88.67 (84.29,91.74)  90.06 (86.63, NS 0.002 NS
92.76)
diffusion NADCred 11(13) 1.21 (0.99, 1.68) 1.27 (1.03, 1.62) 1.08 (0.99, 1.23) NS 0.041 < 0.001
spectroscopy  CNImax 11(13) 1.58 (0.70, 2.68) 1.07 (0.45, 2.00) 0.62 (0.26, 0.97) 0.002 < 0.001 < 0.001
'H-nLacmax 11(12) 0.81 (0.64, 1.11) 0.72 (0.43, 0.91) 2 NS N§° NS®
HP-°¢C [1-*C]Pyrpe (%) 11(13) 60.58 (32.88, 87.03)  28.82(11.87,61.31)  14.13(7.05,25.90) < 0.001 < 0.001 < 0.001
[1-'*CILacpe (%) 11(13) 77.57 (48.10,95.98)  41.76 (19.49,74.23)  26.04 (13.40, < 0.001 < 0.001 < 0.001
40.02)
[1-'3C]Lac/["3C] 11(13) 12.16 (9.44, 21.52) 9.21 (4.61, 16.55) 5.79 (3.81, 11.21) 0.008 < 0.001 NS
Bic
[**CIBic/[1-3C] 11(13) 0.0024 (0.0005, 0.0040 (0.0017, 0.0056 (0.0032 NS 0.023 NS
Pyr 0.0036) 0.0072) 0.0086)
modified ratio 11(13) 0.66 (0.61, 0.71) 0.63 (0.58, 0.68) 0.61 (0.56, 0.65) 0.001 < 0.001 0.014
GBM vs G4A™HF GBM G4A™PHF GBM vs G4A™HF
T2L RECped (%) 11(13),2(3) 88.53 (84.48,92.10) 95.40 (93.25,97.71) < 0.001
'H-nLacmax 11(13),2(3) 0.74 (0.49, 0.95) 0.48 (0.42, 0.58) < 0.001
ket (571 11(13),2(3) 0.020 (0.016, 0.025)  0.027 (0.022, 0.034) 0.002
[1-'3CIPyrpec (%) 11(13),2(3) 34.83 (14.53, 69.22)  31.17 (17.56, 43.99) 0.006
GBM vs Tx effects GBM Tx effects GBM vs Tx effects
T2L RECmed (%) 11(13),2(3) 88.53 (84.48, 92.10)  84.65 (76.50, 89.61) 0.047
ke (571 11(13),2(3) 0.020 (0.016, 0.025)  0.018 (0.014, 0.022) 0.007
modified ratio 11(13),2(3) 0.64 (0.59, 0.69) 0.61(0.56, 0.66) 0.018
CEL NCBVpmed 11(13),2(3) 1.62 (1.20,2.80) 1.29 (0.95, 2.03) 0.007
[1-3ClLac/[1-*C]  11(13),2(3) 0.36 (0.27, 0.42) 0.33 (0.27, 0.36) 0.019
Pyr
2 no 'H-nLac detected in NAWM.
heterogeneity across contrast-enhancing and non-enhancing subregions.
. <0.001 With the ability to probe both glycolytic and oxidative phosphorylation
NPHmed . . p=0. pathways in vivo, HP-'3C imaging captured the apparent shift toward
. p>0.05 dysregulated Warburg metabolism (Warburg, 1956; Agnihotri and
NCBVmed . . @ CEL/NEL interaction Zadeh, 2016) in GBM through the excessive and preferential production
. of [1-'3Cllactate over ['3C]bicarbonate. This novel mechanism for
H-nLacmax . ' generating tumor contrast based on the rapid uptake and enzymatic
. . conversion of [1—13C]pyruvate tracer (Autry et al., 2020; Chen et al.,
CNlmax . 4 . 2021) accordingly holds promise for monitoring tumor evolution and
treatment. Our preliminary findings on imaging markers characterizing
*\Q(’\ o \q§\° {?\ l\,b‘\\o prog/TN GBM in relation to progressive G4A™"* and benign treatment
%0{2 ,bc%’ O o0 Q > effects also demonstrated the potential benefit of HP techniques in pa-
N ¢ . . . .
Q \\> %o\ N kS tient management. Of particular note is that this study surveyed the
\%Q\\’ @\c’ ~ largest-to-date cohort of patients with progressive glioma who under-
Q & went technically-demanding and resource/personnel-intensive HP im-

Fig. 4. 'H-'3C parameter associations. Associations evaluated between 'H
and HP-'3C parameters. Statistical significance: p < 0.001 (red); p > 0.05 (blue);
significant model interaction indicating that the CEL was driving the associa-
tion (green). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

elevated levels of [1-13C]Lac/ [1-13C]Pyr (p = 0.019) in the CEL, along
with higher RECpeq (p = 0.047), elevated kpy, (p = 0.007) and increased
levels of the modified ratio (p = 0.018) in the T2L (Fig. 8; Table 2).

4. Discussion

This multi-parametric translational imaging study was designed to
investigate active tumor metabolism in patients with HGG using dy-
namic HP-13C MRI alongside established 'H-based techniques. Voxel-
wise regional analysis of anatomic lesions importantly demonstrated
alterations in steady-state 'H and dynamic HP-'3C metabolism, which
highlighted disease relative to NAWM while also revealing hypothesized

aging experiments.

Despite the varied radiological, molecular (Fig. 1) and clinical pre-
sentations of individual lesions, prog/TN (Autry et al., 2020; Chen et al.,
2021) GBMs universally displayed excess [1-'3Cllactate production as a
central hallmark of HP imaging. This finding comported with evidence
from prior HP studies (Autry et al., 2020; Chen et al., 2021; Zaccagna
etal., 2022) regarding the apparent upregulation of aerobic glycolysis in
glioma, either measured by AUC [1-'3C]lactate or kpy. Furthermore,
with the current application of denoising techniques (Kim et al., 2021;
Vaziri et al., 2022) enabling voxel-wise analysis, it was possible to show
that AUC [1-13C]lactate generally offered improved lesion contrast over
kpy, for GBM. The most plausible explanation for this phenomenon is that
the vascular [1-'3C]pyruvate signal emanating from non-metabolically-
active substrate dominated kinetic models in common cases of high
perfusion (Figs. 6 and 7). As a first attempt at partially accounting for
such vascular signal, the modified ratio helped highlight CEL/NEL re-
gions in GBM, but three-compartment kinetic models (Bankson et al.,
2015) should also be investigated going forward.
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Fig. 5. Features of prog/TN GBM vs G4A™H+_ Statistically significant 'H/HP-'3C MRI parameters distinguishing prog/TN GBM versus G4A°"* in the T2L: RECpeq
(A), *H-nLacmax (B), kinetic rate constant kpy, (C) and [1-13C]Pyrpct (D). Mixed effects model significance: p < 0.001,***; p < 0.01,**; p < 0.05,*.
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Fig. 6. 'H/HP-13C MRI of progressive GBM vs G4A™"+, Multi-parametric 'H/HP-'3C MRI data from patients with progressive GBM (top) and G4A™"H* (bottom) are
overlaid on T;-weighted post-Gd images. The GBM lesion demonstrates elevated perfusion from nPH and HP [1-'3C]Pyr, which likely hindered kinetic modeling
when considering the low kpy, values despite high HP [1-'°C]lactate production. Conversely, the weakly perfused G4A™™"* shows moderate HP [1-'3C]Lac production

alongside elevated kpy..

Within GBM, excess dynamic production of HP [1-'3C]lactate pro-
vided an apparent measure of upregulated glycolytic activity in malig-
nant astrocytes (Takahashi, 2021). Whether lactate dehydrogenase-A
(LDHA) expression, recently correlated with [1-*C]Lac/[1-'3C]Pyr
(Zaccagna et al., 2022), or astrocytic proliferation plays an outsized role
in [1-'3C]lactate accumulation remains an open question, as well as the
extent to which vascular metabolism may confound signal attribution
(Hu et al., 2022). Compared to dynamic HP [1-13C]lactate production
that was visible throughout the brain (Park et al., 2018), steady-state 13-
nlactate production was limited to the tumor and associated necrotic
regions, with astrocytic MCT transporters regulating intracellular pH in
both cases through lactate efflux (Miranda-Goncalves et al., 2013).
Acquiring dynamic HP [1-!3C]lactate may be of help in quantifying the
non-necrotic metabolic pool of lactate related to active tumor,
depending on the level and timescale of production. It will be of interest
to determine how well steady-state and dynamic measures of lactate
correlate with one another, since measuring 'H-lactate in this study was

limited by spectroscopic coverage and signal-to-noise ratios.

In addition to improving HP [1-'3C]lactate detection, denoising
techniques (Kim et al., 2021; Vaziri et al., 2022) importantly helped to
demonstrate lower ['*C]bicarbonate levels that suggested diminished
intralesional mitochondrial oxidative phosphorylation (Saraste, 1999;
Shi et al., 2019). Taken together, the excess [1-13C]lactate production,
increased [1-!3C]lactate-to-[*3C]bicarbonate ratios and reduced ['3C]
bicarbonate-to-[1-'3C]pyruvate ratios in lesions supported the capa-
bility for HP imaging to capture altered Warburg metabolism in vivo,
which may benefit the monitoring of tumor evolution amid a backdrop
of treatment-related changes on conventional anatomical MRIs (Da Cruz
et al., 2011; Thrust et al., 2018).

In the regional analysis of prog/TN GBM, the multi-parametric data
enabled extensive characterization of anatomic lesions using both
mutual and independent information supplied by 'H and HP-'3C mo-
dalities. The complementarity of Gd-based and HP [1-'3C]pyruvate
perfusion with regard to their statistical association and ability to
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Fig. 7. Modified ratio. Maps of [1-'3C]Lac/[1-'3C]Pyr, the modified ratio and kp| are presented as percentile values within the brain for patients with progressive
GBM (top) and G4A™"'" (bottom). While [1-'3C]Lac/[1-'*C]Pyr and kp. maps display similarly low HP contrast in the Gd-enhancing GBM, the modified ratio
demonstrates greater lesion contrast by partially accounting for non-metabolically-active vascular substrate. The mostly non-enhancing G4A™"* lesion is also more

broadly highlighted by the modified ratio.
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Fig. 8. Features of prog/TN GBM vs treatment effects. Statistically significant 'H/HP-'3C MRI parameters distinguishing prog/TN GBM versus treatment-induced
effects in patients: RECyeq (A), kinetic rate constant kp;, (B), modified ratio (C), nCBVeq (D) and [1-*3ClLac / [1—13C]Pyr (E). Tx, treatment-induced effects. Mixed

effects model significance: p < 0.001,***; p < 0.01,**; p < 0.05,*.

identify vascular abnormalities in high-grade disease was a valuable
finding, given the importance placed on perfusion metrics for moni-
toring tumor recurrence (van Dijken et al., 2019; Singh et al., 2016). At
the same time, positive associations between DSC perfusion parameters
(nCBVned, N"PHpeq) and HP [1—13C]PYruvate levels within GBM were
likely driven by the highly vascular environment of angiogenic lesions;
and, as such, may not adequately reflect subtle differences between
these metrics outside of the tumor. This is because unlike chelated Gd
contrast agents, [1-'3C]pyruvate behaves as an endogenous small
molecule with active transport across intact BBB and plasma membrane
via MCTs (Grist et al., 2019; Miranda-Goncalves et al., 2013), thus
promoting greater mobility and differential localization. These tracer
qualities have previously been shown to promote HP [1-'3C]pyruvate
dissemination in the brain despite normalization of vascular perme-
ability following anti-angiogenic/VEGF therapy with bevacizumab
(Autry et al., 2020; Keunen et al., 2011).

Although proton-based measures of perfusion (NCBVmped, n"PHmed)

consistently isolated CEL from NEL or NAWM, the 'H spectroscopic
parameter CNI,x was shown to distinguish both Gd-enhancing and non-
enhancing lesions from NAWM. This may be because CNI reports on the
steady-state metabolism associated with cellular proliferation and
neuronal dysfunction (Saraswathy et al., 2009), which represent early
markers of active tumor that precede neovascularization from angio-
genesis. Correlative analysis further showed that CNIp,,x was positively
associated with [1-13C] pyruvate perfusion, [1-'3C]lactate production,
and the modified ratio, indicating a relative co-localization of abnormal
tumor features emanating from the CEL. While elevated nADC similarly
characterized the T2L, such diffusion abnormalities are considered less
specific to active tumor since they also arise from general alterations in
tissue architecture and edema (Kono et al., 2001); conversely, low ADC
associated with tumor cellularity may only describe small portion of the
lesion.

When comparing prog/TN GBMs against G4A"T"| the classic GBMs
appeared to display much more aggressive imaging characteristics from



AW. Autry et al.

the limited data collected. The elevated perfusion in GBM lesions
measured by means of [1—13C]Pyrpct probably caused kpj, to appear
artificially lower than in G4A™"* for reasons previously mentioned. In
addition to presenting higher [1-*C]pyruvate perfusion indicative of
BBB-disruption, GBMs displayed lower REC that is typically associated
with immature, leaky vasculature resulting from angiogenic processes
(Goel et al., 2011). Higher levels of 'H-nlactate characterizing GBM may
reflect phenotypic differences in metabolic expression compared to
G4APP+ and/or heightened pathologic necrosis, with dynamic [1-13C]
lactate production not being a statistically significant factor.

Analysis of tumor versus treatment effects again revealed more
aggressive features in the prog/TN lesions. While higher nCBVyeq values
in the CEL of prog/TN GBMs were in keeping with traditional perfusion
hallmarks of disease, the lower NEL REC in GBMs with treatment effects
seemed to indicate worse vascular injuries following radiotherapy. The
metabolic lesions of prog/TN GBMs were only highlighted by HP-'3C
parameters that reported on dynamic [1-!3C]lactate production: kp;, and
the modified ratio in the NEL and the [1-13C] lactate-to-[l-13C] pyruvate
ratio in the CEL. These preliminary findings suggest that dynamic HP
[1-'3C]lactate may hold particular importance for discriminating active
tumor and assessing its relative composition in lesions that have un-
dergone treatment.

Interpreting the data in this study presented several technical chal-
lenges that extended beyond the limitations in sample sizes among
certain cohorts. Perhaps the greatest of these was the disparity in spatial
resolution between HP-'3C and 'H imaging acquisitions, which caused
partial volume effects for the coarser HP data. When interpreting HP-13C
data, the general caveats are that experiments deliver non-physiologic
doses of exogenous [1—13C]pyruvate tracer and the resulting [1-3c]
lactate signal depends at least in part on the endogenous lactate pool
(Kennedy et al., 2012; Hurd et al., 2013). Additionally, reporting on
individual HP-'3C metabolite AUC levels without ratiometric relation-
ships or kinetic modeling is complicated by the spatially-variant sensi-
tivity profiles of multi-channel receiver coils; hence, metabolite maps
normalized by hardware sensitivity would be ideal for expressing rela-
tive levels, and superior to the percentile maps reported here. Applying
such coil correction to both HP-'3C and 'H data could improve upon
cross-nucleus correlation analysis as well. Depending on the location of
the lesion, 'H spectroscopy sometimes failed to provide full coverage
due to subcutaneous fat suppression near the skull or low signal regions.
Finally, there are several potential confounding factors related to the
variation in patient treatment, which ranged from no clinical interven-
tion to standard of care plus multiple adjuvant therapies. This precluded
any molecular-based comparisons within prog/TN GBM lesions and
analyses between TN versus progressed lesions, but also demonstrated
the robustness of certain markers like AUC [1-!3C]lactate.

It is also worth noting study limitations related to the interpretation
and reliability of the analysis. The clinical assessment of treatment ef-
fects and progression by mRANO criteria was crucial to defining relevant
populations for comparison. While standard 2-month or short-interval
follow-up imaging was generally acquired in the absence of histologi-
cal confirmation, there remained a level of uncertainty from the
imaging-based classification of disease status, which carried over to the
analysis. A considerable part of the rationale for HP imaging is the po-
tential to determine metabolic status in such cases. Another concern is
the smaller patient cohorts that contained subjects who were scanned
twice. Although individual imaging timepoints generally demonstrated
disparate tumor presentations (see Supplementary Table 1), these
exploratory analyses could be affected to some extent by scan weighting.

While HP-'3C MRI remains under active development, it holds
distinct advantages over existing metabolic imaging techniques which
should be emphasized when considering hyperpolarization’s comple-
mentary role. Because of the multi-order signal enhancement conferred
through polarization, HP-'3C MRI can uniquely provide a rapid readout
of dynamic metabolism within 60 s following tracer delivery. This early
metabolic window has recently been exploited in animal (Bogh et al.,
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2022) and human (Uthayakumar et al., 2022) HP studies as a means of
studying the controversial lactate shuttle hypothesis, wherein astrocytes
are thought to mediate neuronal energy supply via lactate. Technical
experiments from these studies demonstrating that saturation of the
[1-'3C]lactate resonance reduces [‘>C]bicarbonate signal indeed sup-
port such compartmentalized metabolism.

Compared to longer, steady-state measurements of lactate using 'H
3-D MRSI (~6-7 min), HP data are not confounded by the necrotic
lactate pool in gliomas and have the added potential for kinetic
modeling. Furthermore, 'H-based lactate-edited acquisitions are more
sensitive to magnetic susceptibility effects that give rise to field in-
homogeneities causing spectral distortions. Due to the increased volume
of excitation required by lactate-edited versus non-edited 3-D 'H MRSI,
aliasing of subcutaneous lipid signal can also contaminate large swathes
of lactate data based on its shear amplitude (Park et al., 2011).

It is also worth highlighting the comparative advantages of HP-'3C
imaging relative to deuterium metabolic imaging (DMI), which can
analogously probe Warburg alterations in glioma using orally-
administered 2H-labeled glucose (De Feyter et al., 2018). Despite a va-
riety of trade-offs between the two MR-based techniques, a side-by-side
comparison study at clinical field strengths demonstrated that HP-13C
MRSI offered greater signal-to-noise, along with improved spatial,
spectral and temporal resolution, while being more robust to field in-
homogeneity (Kaggie et al., 2022). Both techniques were considered
complementary in the study from the perspective that HP-!3C was
weighted toward early reductive metabolism immediately following
[1-'3Clpyruvate delivery whereas DMI captured the shift toward
oxidative metabolism during the steady state, approximately 57 min.
post [6,6-2Hy]glucose consumption. With the capacity to measure early
substrate-mediated metabolic changes on the order of seconds, HP
techniques fulfill a distinct imaging niche that deserves further investi-
gation alongside DMI.

This multi-parametric HP-'3C/'H MRI study has demonstrated the
real-time acquisition of dynamic Warburg-related metabolism in pa-
tients with molecularly-diverse progressive GBM and characterized
associated tumor heterogeneity in a novel manner with the combination
of dynamic and steady-state imaging experiments. Because evaluating
disease status in treated GBM remains a central diagnostic dilemma
within neuro-oncology, the value of HP-'3C MRI lies in its potential to
detect Warburg-related metabolic changes that may predict tumor
progression and therapeutic response in advance. The sensitivity for
such detection is poised to improve markedly with the near-term
implementation of 7 Tesla polarizers and medium-term reduction in
the dissolution-to-injection time over which '3C magnetization decays
exponentially. Ongoing development and dissemination of HP methods
are anticipated to enhance the generalizability and translation of the
advanced metabolic imaging reported here.
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