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This study shows the use of hyperpolarized 'C magnetic resonance spectroscopic imaging (MRSI) to assess
therapeutic efficacy in a preclinical tumor model. '>C-labeled pyruvate was used to monitor early changes in
tumor metabolism based on the Warburg effect. High-grade malignant tumors exhibit increased glycolytic ac-
tivity and lactate production to promote proliferation. A rodent glioma model was used to explore altered lac-
tate production after therapy as an early imaging biomarker for therapeutic response. Rodents were
surgically implanted with Cé glioma cells and separated into 4 groups, namely, no therapy, radiotherapy,
chemotherapy and combined therapy. Animals were imaged serially at 6 different time points with magnetic
resonance imaging at 3 T using hyperpolarized [1-'3*C]pyruvate MRSI and conventional 'H imaging. Using
hyperpolarized [1-'3C]pyruvate MRSI, alterations in tumor metabolism were detected as changes in the con-
version of lactate to pyruvate (measured as Lac/Pyr ratio) and compared with the conventional method of
detecting therapeutic response using the Response Evaluation Criteria in Solid Tumors. Moreover, each ther-
apy group expressed different characteristic changes in tumor metabolism. The group that received no ther-
apy showed a gradual increase of Lac/Pyr ratio within the tumor. The radiotherapy group showed large
variations in tumor Lac/Pyr ratio. The chemo- and combined-therapy groups showed a statistically significant
reduction in tumor Lac/Pyr ratio; however, only combined theragy was capable of suppressing tumor growth,
which resulted in low endpoint mortality rate. Hyperpolarized '*C MRSI detected a prompt reduction in Lac/
Pyr ratio as early as 2 days post combined chemo- and radiotherapies.
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INTRODUCTION
Brain cancer is a challenging disease with very poor prognosis
and outcomes. The most prevalent form of malignant brain
tumors is glioma, which arises from glial cells (1). Although there
are aggressive therapies available (ie, surgical resection, radio-
therapy, and chemotherapy), patients diagnosed with the most
aggressive (grade IV) malignant glioma have a disappointing 5-
year survival rate of 5.1% (2). Despite aggressive treatment, these
tumors almost inevitably recur (3).

Advances in imaging techniques help radiologists to nonin-
vasively detect and assess brain tumors. Magnetic resonance
imaging (MRI) is the preferred clinical diagnostic tool for brain

tumor detection (4); yet, it remains challenging to observe both
the therapeutic response and efficacy during the course of the
treatments. Because radiotherapy and chemotherapy affect
tumors at the molecular level (DNA damage, blocking protein/
RNA), phenotypical changes (tumor size, diffusion, proliferation)
that arise from therapies, can be challenging to detect during the
early stages of treatment.

Clinical assessment of the progression of a primary brain tu-
mor can be assessed by contrast-enhanced MRI using one of the
following criteria: Response Assessment in Neuro-Oncology
(RANO) criteria, Response Evaluation Criteria in Solid Tumors
(RECIST), or World Health Organization criteria (5, 6). The RANO
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criteria, updated from MacDonald criteria, includes measurable
morphological changes in the tumor size due to therapy. Tumor
response is divided into 4 different groups based on changes in
contrast-enhancing tumor volumes:

1. complete response with no tumor enhancement;

2. partial response with >500% reduction in tumor size;

3. progressive disease with>250% increase in tumor size; and
4. stable disease with no changes in tumor size.

Other criteria methods use similar categorizations of groups
but differ in methodology for measurement of tumor size. All cri-
teria methods depend on the post contrast-enhancement of
tumors visualized using MRI. However, it is often difficult to
determine if the enhancement is a result of tumor reoccurrence,
radiation necrosis, or pseudoprogression (5).

Tumor metabolism has been identified as a hallmark of cancer
(7). Tumors require an increased amount of energy and nutrients
to proliferate at a much faster rate compared with healthy tissues.
To sustain increased energy demands, tumor metabolism is altered
(8). Most notably, energy production in tumor cells often switches
from predominantly oxidative phosphorylation in the mitochon-
dria (Krebs cycle) to anaerobic glycolysis (followed by lactic acid
fermentation) in the cytosol even under the presence of oxygen
(also known as Warburg effect) (9, 10). This choice of energy pro-
duction generates an intracellular pool of lactic acid as a potential
molecular imaging biomarker (11). Moreover, the excretion of lac-
tic acid and protons from tumor cells accelerates acidification of
the extracellular space and increases the viability of these cells
through further vascularization (10). Clinical studies have shown
an increased metabolic uptake of 2—deoxy—2—[IBF]ﬂuoro—(D)—glu—
cose ("®F-FDG) in tumors using positron emission tomography
(PET) (12, 13). The ability to monitor therapeutic changes accu-
rately and in a timely manner in brain tumors will provide a fur-
ther understanding of tumor metabolism and guide initiation of
alternative (or salvage) therapies.

Hyperpolarized B¢ magnetic resonance spectroscopic imag-
ing (*’C MRSI) is an emerging molecular imaging tool with MRI
that can directly quantify metabolic changes in tissues. A chosen
cellular substrate is enriched with '>C and then hyperpolarized
(highly magnetized) in the polarizer to increase the potential B¢
MRSI signal by nearly 5 orders of magnitude (14). After injection
of the hyperpolarized '>C-enriched substrate, the substrate and
its by-products from metabolic processes can be individually
detected in vivo by their inherent chemical shifts using mag-
netic resonance. The hyperpolarized signal is transient as the
magnetization of the '3C nuclei relaxes to thermal equilib-
rium. This is highly dependent on the hyperpolarized contrast
agent’s spin-lattice relaxation time (T1) and that of its meta-
bolic by-products (15).

The most common and widely researched hyperpolarized
13C contrast agent is [1-'>C]pyruvate (16). After a bolus injec-
tion and circulation, hyperpolarized [1—13C]pyruvate is taken
up by cells through active transport (17) and converted into 3
major metabolites, namely, [1—]3C]a1anine, B3c bicarbonate,
and [1-'>C]lactate (16). Tumors exhibit increased lactate pro-
duction through upregulated lactate dehydrogenase (LDH)
production by oncogenes (9). Cells targeted by metabolic ther-
apy have reduced LDH activity and thereby often exhibit
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reduced lactate production (18, 19). The production of [1-13C]
lactate in tumor tissues by metabolizing injected hyperpolar-
ized [1-'2C]pyruvate can be tracked using '>C MRSL In this
way, the therapeutic response of tumors is monitored by meas-
uring changes in [1-'>C]lactate conversion from [1-'>Cl]pyru-
vate. The effects of upregulated LDH activity in tumors
measured by hyperpolarized '3C MRSI have been previously
reported in the literature (20-22).

Both glioma and brain tissues are highly metabolic and read-
ily uptake metabolites for energy. This reduces the contrast and
effectiveness of '®F-FDG PET for imaging and quantification of
brain tumors that must be confirmed by other means (13, 23, 24).
For instance, brain tissue expresses high background signal with
'8E_FDG PET, particularly in the cortex, owing to high metabolic
activity (25). In contrast, pyruvate is actively taken up by glioma
cells through monocarboxylate transport and are rapidly con-
verted to lactate by upregulated LDH activity (26, 27). Glioma
cells are highly proliferative, using the lactate as an alternative
energy source and for amino acid production (11). Thus, MRSI of
hyperpolarized [1-">Clpyruvate has an advantage of directly
measuring metabolic activity in glioma cells and the ability to
distinguish these cells from other highly metabolic brain tissues
through their altered metabolic signature.

The purpose of this study was to monitor the metabolic
response of tumors to chemo- and radiotherapies using hyperpo-
larized >C MRSI in an orthotropic rodent model of glioma and
compare with conventional methods of treatment response assess-
ment. In previous work using hyperpolarized [1—13C]pyruvate, the
separate effects of radiotherapy (28) and chemotherapy (29, 30) on
tumor growth have been individually studied and reported. This
study compares the effect of these different therapies and their
combined use on tumor progression in a controlled longitudinal
study. Because each therapy relies on a different treatment mecha-
nism, we might expect that this will produce different metabolic
responses to treatment. As discussed above, tumor response to
therapy can be assessed by the observed ratio of [1-"*CJlactate
with respect to [1- 13C]pyruvalte in the cytosol of tumor cells by use
of '3C MRSL The results of this study illustrate the ability of B
MRSI of hyperpolarized [1—13C]pyruvate to quantify therapeutic
response for different therapies and to follow tumor progression or
response with noninvasive longitudinal imaging,.

METHODOLOGY

Pyruvic Acid Sample Preparation

A trityl radical, 0X63 (Oxford Instruments, Concord, MA) was
mixed with 99%-enriched [1—13C]pyruvic acid (Sigma Aldrich,
Miamisburg, OH) to a final concentration of 15mM. The pyruvic
acid preparation was stirred and heated to 60°C to dissolve, and
then cooled and stored at —4°C for later use. Before hyperpolar-
ization, ProHance (Bracco Diagnostics, Monroe Township, NJ), a
paramagnetic contrast agent, was added at a concentration of
ImM to the pyruvic acid sample to enhance polarization and
reduce polarization time (31).

Hyperpolarization

A Hypersense dynamic nuclear polarizer (Oxford Instruments,
Abingdon, UK) was used to hyperpolarize the prepared [1-'>C]
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pyruvic acid sample. The dynamic nuclear polarization operates
at a temperature of 1.4 K and a magnetic field strength of 3.35 T.
The pyruvic acid preparation was irradiated with microwaves
from a source operating at 94.125 GHz achieving ~90% nuclear
polarization of the solid after 45 minutes. For dissolution, the
sample was rapidly thawed and mixed with a superheated 80mM
phosphate buffer solution containing 0.34-mmol/L ethylenedia-
minetetraacetic acid. The resulting solution was dispensed into a
flask prior to uptake into a syringe for injection. The resulting
80mM hyperpolarized [1-13C) pyruvate buffered solution had a
final volume of ~4 mL with a pH of 7.4 at 37°C. The measured T1
for the '>C nucleus was ~65 seconds at 3 T (15) and its polariza-
tion was >12% in the liquid state.

In Vivo Imaging

All imaging sessions were performed using a GE Discovery
MR750 3.0 T MRI (General Electric Healthcare, Waukesha, WI). A
custom-built, switch-tuned *C-'H radiofrequency coil with a
local >C receive-only radiofrequency coil was used in transmit-
only/receive-only operating mode for >C imaging (32). Switch-
tuning between "H and °C frequencies produced inherently regis-
tered images for morphology ('H) and metabolism (0. A single
imaging session consisted of (in sequential order) T2-weighted e
imaging, hyperpolarized 3C MRS, dynamic susceptibility con-
trast imaging and post-Gd contrast T1-weighted 'H imaging. T2-
weighted 'H images were acquired using a fast spin echo pulse
sequence with the following imaging parameters: 80- x 80-mm
field of view (FOV), 0.3-mm isotropic in-plane resolution, 3-mm
slice thickness, repetition time (TR) = 4000 milliseconds, echo time
(TE) = 85 milliseconds, bandwidth = 10.42 Hz, echo train length =
16, and number of averages = 4. For hyperpolarized 3C MRS,
animals were injected in the tail vein with ~3 mL of bolus of
the buffered hyperpolarized [1—13C]pyruvate solution over a timed
12-second interval. Two-dimensional 13C—spectral maps were
acquired 25 seconds after the injection using free induction decay
chemical shift imaging with the following parameters: 60- x 60-
mm FOV, 5-mm isotropic in-plane resolution, slice thickness = 10
to 15mm (depending on tumor extent), flip angle = 10°, TR =
80 milliseconds, spectral width = 5000 Hz, and number of points =
256. Regional 13C-spectra are shown in Figure 1. Before
T1-weighted "H imaging, 100mM of Magnevist (Bayer HealthCare
Pharmaceuticals Inc., Whippany, NJ) was injected by a tail vein
catheter. T1-weighted 'H images were acquired using a fast gradi-
ent echo pulse sequence with the following parameters: 80- x
40- x 32-mm FOV, 0.5-mm isotropic resolution, flip angle = 25°,
TR = 6.9 milliseconds, TE = 2.9 milliseconds, and 9 averages.

Animal Disease Model

Eighteen male Wistar rats (Charles River Laboratories, Senneville,
QC, Canada) with an initial weight of ~250 g (~5- to 7-week old)
were used for this study. One million rat glioma cells C6 (CCL-107,
Purchased 2011, American Type Culture Collection, Manassas,
VA) were stereotactically implanted in the caudate nucleus of the
right brain hemisphere (day 0). C6 cells were passaged 9 times and
tested for mycoplasma using MycoAlertTM (Lonza, Mississauga,
ON, Canada) before use. Seven days post cell implantation, ani-
mals underwent pretherapy imaging sessions. On day 10, animals
were randomly divided into the following 4 groups:
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no therapy;

radiotherapy;

chemotherapy; and

combined radio- and chemotherapy.

DWW N =

Group 1 (no therapy) functioned as the control group. The
radiotherapy group received a tumor-localized radiation dose of
20Gy in 2 fractions on 2 consecutive days to the tumor using a
modified uCT GE Vision 120CT (General Electric Healthcare,
Waukesha WI) with a custom-built collimator (33). The chemo-
therapy group received intraperitoneal injections of 40 mg/kg of
temozolomide (Sigma Aldrich, Miamisburg, OH) dissolved in di-
methyl sulfoxide for 5 consecutive days. The combined therapy
group received both therapies, with the same timeline as
described above. Starting on day 12, and every 3 days thereafter,
animals underwent post-therapy imaging sessions. At endpoint,
rats were sacrificed for histological examination. All animal pro-
cedures were approved by the University Council on Animal
Care, Animal Use Subcommittee.

Histology

Following the final post-therapy imaging session, the rats were
injected by a tail vein catheter with 60-mg/kg pimonidazole
(Hypoxyprobe Inc., Burlington, MA) 30 minutes before sacrifice.
The rats were then sacrificed, perfused with 4% paraformalde-
hyde (Sigma Aldrich, Miamisburg, OH), and the brains were
extracted and refrigerated at 5°C in 4% paraformaldehyde. The
brains were then sectioned to 5-mm-thick paraffin slabs and
later further sectioned to 5 um for staining. Brain sections were
stained with hematoxylin € eosin (HE&E) and for hypoxia.
Whole-brain sectioned slices were scanned using light-fluores-
cent microscopy (Leica Microsystems Inc., Concord, ON, Canada).
Histological image slices were coregistered to the MRI images
using Slicer (Version 4.31, Surgical Planning Laboratory,
Brigham €& Women'’s Hospital, Boston, MA) using a custom soft-
ware plugin (34).

Image Analysis

The '°C MRSI raw data were analyzed using a custom-written
MATLAB (MathWorks, Natick, MA) script. Free induction decay
signals from each k-space point were apodized by a 20-Hz
Gaussian filter. The signals were spatially zero-filled and then
Fourier-transformed in frequency and phase-encoding direc-
tions. Signal for an individual metabolite is represented by the
time-domain signal function as described in a study (35):

S(t) _ Ae—i!)tJrqSefR’z‘t' (1)

Here, S(7) is the signal at time ¢, A is the amplitude of the sig-
nal, {} is the frequency offset, and ¢ is the phase offset. R is the
effective spin-spin relaxation rate given by R, = % Each voxel

2
could potentially contain up to 5 different summed metabolite
signals. Initial estimates for the parameters for each individual
metabolite (A;, (), ¢;, and R3;) were obtained by examining the
data. The summed signal model for all observed metabolites was
fitted to the processed data by a nonlinear least-squares curve-
fitting method on a voxel-by-voxel basis to extract metabolite
parameters and their uncertainties. Amplitudes of lactate and
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A) Tumour voxel B)

Pyruvate

pyruvate were used to calculate the lactate-to-pyruvate ratio
(Lac/Pyr ratio), and its fitting errors were used to propagate an
associated uncertainty. An example of spectral fitting and maps
are showing in Figure 1. Voxels containing >50% tissue of inter-
est were used for measurements.

All statistics were analyzed using SPSS statistics software (IBM
Corp., Armonk, NY). Post-Gd tumor volumes were measured from
the T1-weighted contrast images using ITK-Snap [www.itksnap.org
(36)]. Boundaries of tumors were manually contoured and the vol-
umes were calculated. Interobserver variability was used to esti-
mate tumor volume errors. Tumor growth rates were modeled from
longitudinal measurements of tumor volume. Fitted amplitudes for
the lactate and pyruvate signals were used to calculate the Lac/Pyr
ratio, and the individual fitting errors were used to propagate an
associated uncertainty for the ratio. Voxels that contains <50% of
a specific tissue of interest were used for measurement. Tumor and
contralateral brain tissues were identified using 'H imaging data. A
tumor was manually segmented and then a similar region and size
of brain were segmented on the contralateral side. If the tumor had
expanded to the other hemisphere, a contralateral brain segmenta-
tion from a previous experimental time point (excluding tumor)
was used. The average Lac/Pyr ratio and its uncertainty for a spe-
cific group at a single time point were calculated from all identified
voxels from all animals comprising the group for that specific time
point. The correlations between the Lac/Pyr ratio, tumor volume,
and tumor growth rate were tested using Pearson correlation.
Analysis of variance (ANOVA) with Dunnett’s post hoc test was
performed to calculate the statistical differences between groups on
each day and overall group differences, respectively. The uncer-
tainties propagated from parameter fitting were used to weigh the
Lac/Pyr ratios for ANOVA. Uncertainties for the Lac/Pyr ratio are
reported as standard error of the mean of measurements.

RESULTS
A total of 18 rodents were monitored using hyperpolarized
[1—13C]pyruvate MRSI at multiple time points—7, 12, 15, 18, 21
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C) Contralateral brain voxel
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and 24 days after tumor implantation. During the course of the
longitudinal study, the health of some animals deteriorated
owing to the increased tumor burden, and these animals were
sacrificed earlier than the intended endpoint. Figure 2 depicts the
survival rate of each group. The radiotherapy and combined ther-
apy groups had the highest mean survival time at 25 days fol-
lowed by the chemotherapy group at 18d and lastly the no
therapy group at 17 days. A Kaplan-Meier method was used to
determine if there were any differences in the survival distribu-
tion for the therapy groups. The survival distributions for differ-
ent therapy groups are statistically different (P < .0005).

Figures 3 and 4 illustrate longitudinal assessments of thera-
peutic response in a rat model of glioma comparing the Lac/Pyr
ratio and tumor volume. Figure 3 shows longitudinal imaging
data for a representative rodent from the no therapy group.
Rapid tumor growth is readily apparent in Figure 3A and is
quantified in 3C. Longitudinal measurements of the Lac/Pyr ratio
are presented in Figure 3B, comparing tumor and contralateral
brain for each '>C imaging session. Higher Lac/Pyr ratios are
observed in tumor tissue than in contralateral brain tissue. The
Lac/Pyr ratio increases with tumor growth. As shown in Figure
3C, without any therapy, the tumor grew rapidly. Owing to the
heavy tumor burden and the resulting adverse health effects;
the rodent was sacrificed before the last imaging session at day
24, in compliance with terms of the animal use protocol.
Neurological impairment and lack of appetite were observed for
all rodents that did not receive therapy, and as a result, these ani-
mals were sacrificed before the final imaging time point, typi-
cally between days 15 and 21.

Figure 4 shows a representative rodent from the combined
therapy group. Tumor growth shown in Figure 4A and quantified
in 4C is slower than that of the no therapy group. On day 7, the
Lac/Pyr ratio is higher in the tumor than in contralateral brain
tissue (Figure 4B). Within 2 days post therapy, the tumor Lac/Pyr
ratio drops to that of contralateral brain. Further longitudinal
measurements show similar Lac/Pyr ratios in tumor and healthy
brain until the final imaging session on day 24. Reduced tumor
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growth assessed by volume measurements commensurate with
therapeutic response was not apparent until day 21.

Figure 5 illustrates a longitudinal comparison of the average
Lac/Pyr ratio in tumors for the 4 therapy groups measured up to
24 days post cell implantation. A consistently elevated Lac/Pyr
ratio was observed in the tumors for the no therapy group for all
time points. No statistical comparison between the no therapy
and other treatment groups was possible for days 21 and 24
owing to the poor survival of the untreated group. Some of the
rodents that received radiotherapy showed a Lac/Pyr ratio reduc-
tion in the tumor tissue at day 12, but as a whole, that group did
not show a significant reduction (P = .33). The rodents that
received either chemotherapy or combined therapy show a statis-
tically significant reduction in the Lac/Pyr ratio within the tumor
volumes (P < .05) post therapy (days 12, 15 and 18). However,
the rodents that received only chemotherapy did not survive to
the endpoint at day 24 despite a significant reduction in the

A) Day 7

——

Day 12 Day 15

[ Tumour
[ Contralateral Brain

10 12 15 18
Days after Surgery
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Lac/Pyr ratio. Owing to rapid tumor growth, untreated animals
met humane criteria for early euthanasia as early as day 18. As a
result, by days 21 and 24, there was an insufficient number of
rodents in the no therapy group to test significance with other
groups. Application of combined therapy produced the best ther-
apeutic response as assessed by the tumor Lac/Pyr ratio and con-
firmed by the survival data.

Tumor volume measurement from T1-weighted post-Gd
images (data not shown) shows similar trends as the Lac/Pyr ra-
tio. In the absence of therapy, tumor volumes significantly
increased in size until animals were sacrificed. The average
enhancing tumor volume in the no therapy group at endpoint
was 384 = 63 mm’. All therapies showed reduced tumor growth
by endpoint assessed by volume measurement. The average
enhancing tumor volume for chemotherapy, radiotherapy, and
combined therapies were 140 = 23, 107 = 18, and 54 = 9 mm3,
respectively, at endpoint. Rodents with tumors that received

Day 21 Day 24

Day 18

N

w
S
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= ]
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o
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radiotherapy and combined therapy would be classified as stable
disease based on the RANO criteria. Whereas, for rodents with
tumors that received chemotherapy, the observed tumor volume
growth rate would produce a classification of progressive disease.
Notably, when using only the T1-weighted post-Gd images as
one would in the clinic, these classifications would be possible
only as early as 18 days after cell implantation.

Furthermore, the correlations of tumor Lac/Pyr ratio versus
tumor volume and growth rate are presented in Figure 6. The
Pearson correlation coefficients for these data are 0.287 (P =
.105) and 0.66 (P < .001) respectively. The tumor Lac/Pyr ratio
was not correlated with tumor volume; however, a strong posi-
tive correlation with tumor growth rate was observed (Pearson
correlation coefficient ~0.65).

Figure 6 presents the representative histological results com-
paring rodents that received either no therapy or combined ther-
apy. The T2-weighted image, Lac/Pyr ratio images, and

Day 18 Day 21 Day 24

0

N N @
3 8 8
8 8 3

Tumour Volume (mm®)

o

histological sections have been coregistered as described in the
Methods section. The tumors within the brain are easily distin-
guishable by "H MRI and HE&E staining. The Lac/Pyr ratio and
hypoxia staining show similar contrast between tumor and con-
tralateral brain tissues. Comparing contralateral brain and tumor
measurements, rodents that did not receive therapy showed
higher Lac/Pyr ratio activity and hypoxia within the tumor,
whereas animals that received combined therapy had minimal
Lac/Pyr ratio activity through the entire brain and no hypoxia
signal within the tumor at endpoint.

DISCUSSION

The goal of this study was to show the ability to detect early
changes in therapeutic response in tumors using hyperpolarized
[1—13C]pyruvate MRSI and to evaluate potential clinical transla-
tion. Targeted therapy of tumor metabolism has gained more
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interest recently, but therapeutic effects on tumor metabolism
are not fully understood (37). The ability to measure metabolic
changes in tumors will aid to not only further understand tumor
metabolism but also may also provide biomarkers to determine
which therapeutic methods will be effective against tumors.

The C6 rodent glioma model was chosen to study the thera-
peutic response of solid tumors because this model is well estab-
lished in the literature and its tumor characteristics are well
defined (38, 39). During glioma progression, the tumor evolves
into 2 different regions. The outer layer of tumor is highly vascu-
larized and well-perfused, whereas the inner core of the tumor
becomes necrotic and hypoxic owing to the lack of functioning
or effective vasculature (40). In addition, as the tumor grows, the
blood-brain barrier becomes disrupted, which can allow for
increased fluid exchange with the vasculature (41). In MRI,
tumors, edema, and cerebrospinal fluid appear hyperintense on
T2-weighted 'H images (42), complicating tumor volume meas-
urements. Therefore, T1-weighted post-Gd 'H images were used
to measure tumor volumes. Given that malignant glioma pos-
sesses disrupted and leaky vasculature, low-molecular-weight
paramagnetic contrast agents can effectively accumulate within
the tumor (43). Post-Gd-contrast T1-weighted 'H images were
used to determine tumor volumes in this study. Contrast-
enhanced tumors have increased conspicuity with hyperintense
contrast compared to surrounding brain tissue for T1-weighted
H images. In addition, regions of edema and necrosis can be dis-
criminated by lack of enhancement (44).

The RANO criteria are the conventional indicators of thera-
peutic response by monitoring tumor volume. Post-therapy suc-
cess is associated with stability or recession of tumor size. Day 7
was the earliest time point when the tumor was visible in size
using "H MRL Then treatment was given 3 days after such animal
was fully recovered from previous experiment. C6 glioma cells
are known to be extremely aggressive and grow exponentially as
shown Figure 3, A and C. To accommodate tumor growth and
detect post-therapeutic changes, tumor volume was monitored
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repeatedly every 3 days after therapy. Using the standard clinical
method of detection with 'H imaging, the earliest post-therapeu-
tic tumor volume changes were observable only on day 18
(8 days after the therapy was given) and even later confirmed to
be stable disease. Tumor recurrence was not observable in this
study owing to the finite length of the study. Prolonged monitor-
ing of post-therapeutic tumor volume changes would be required
to dismiss any tumor recurrence. Considering that most malig-
nant gliomas eventually recur despite rigorous therapies (1), early
detection of therapeutic response or progression would be essen-
tial for not only prediction of prognosis but also improvement of
quality of life for patients by terminating treatment when it is
not effective.

Tumor metabolism is a new rising hallmark of cancer for
detecting therapeutic response in early stage. For instance, meta-
bolic changes such as upregulated glucose uptake in tumors are
clinically assessed by '®F-FDG PET. However, '®F-FDG is also
readily taken up by highly metabolic tissue. This leads to the pos-
sibility of false-positive results for '8E_FDG PET, which may
require confirmation by other means (13, 23, 24). For example,
high metabolic activity in the brain cortex can produce an ele-
vated background signal, which confounds the interpretation of
"8E_FDG PET results (25). As an alternative, radiolabeled amino
acids can be used to target brain tumors because amino acids are
essential to highly proliferating tissues (25, 45).

Hyperpolarized 13C-labeled glucose can be used in a similar
manner as '°F-FDG for tumor detection and characterization;
however, significant challenges exist. First, the T1 of hyperpolar-
ized 12C labeled glucose is too short (<2 seconds) for detection of
metabolic by-products (46). The T1 of glucose can be substan-
tially increased by replacing all protons in the glucose with deu-
terium, but this significantly increases the cost of this substrate
(47). Second, the labeling of various carbon atoms in the glucose
molecule results in different chemical shifts for its '>C nuclei and
those of its metabolic by-products. Often these chemical shifts
are close to each other, which complicates the quantification of
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metabolites as the spectrum becomes congested. In this study, we
used [1—13C]pyruvate as the metabolic probe agent, which offers
several advantages over glucose. The T1 of [1—13C]pyruvate at 3
T is ~65 seconds in vitro (~45 seconds in vivo), which is long
enough for pyruvate to circulate through the circulatory system
of our animal model and be converted to downstream metabo-
lites (15). Furthermore, the 13C-labeled carbon can be transferred
to only four different metabolites, namely, lactate, pyruvate
hydrate, alanine, and bicarbonate. All these metabolites are indi-
vidually represented as single spectral peaks and are well sepa-
rated by their chemical shifts, producing a fully resolved
spectrum, which can be readily quantified as shown in Figure 1.

Among the metabolites produced from [1-'>C]pyruvate, the
[1-"*Cllactate signal is a sensitive biomarker for therapeutic
effect in tumors where its production from pyruvate can be cor-
related with LDH activity and lactate pool (cellular redox state).
This correlation has been previously reported in the literature
(20, 29, 48, 49) where change in LDH activity can be indirectly
evaluated by [1-"3C]lactate signal. The [1-"3C)lactate signal is
normalized to the [1-'>Clpyruvate signal to mitigate differences
in pyruvate delivery and uptake in tumors compared with that of
healthy brain tissue. Other preclinical studies using hyperpolar-
ized [1—13C]pyruvate have observed elevated [1-'>C]lactate sig-
nal in healthy brain tissue (50). Increased LDH activity in
metabolically active tumor cells will result in an increase in the
observed Lac/Pyr ratio as shown in the representative case for a
rodent that received no therapy in Figure 3B. Conversely, ne-
crotic tumor regions or healthy cells will have little to no lactate
production as a result of limited LDH activity and reduced a lac-
tate pool. Moreover, a high Lac/Pyr ratio driven by increased
LDH activity in tumor can amplify the rapid progression of the
tumor. This is further shown in the correlation plots of Figure 7.
Here, tumor volume does not statistically correlate with the Lac/
Pyr ratio. Yet, there was a moderate and statistically significant
correlation between the Lac/Pyr ratio and tumor growth rate.
Thus, the Lac/Pyr ratio is potentially related to the growth of tu-
mor that indirectly coincides with increased LDH activity rather
than tumor volume. This might suggest that it is possible that a
measurement of the Lac/Pyr ratio at a single time point can be
predictive of tumor response, at least over a short interval of
time, which would otherwise require longitudinal tumor volume
measurements over an extended time using conventional
assessment.

As tumors rapidly grow, ineffective vascularization and ne-
crosis of the core become evident (51). In Figure 3A, particularly
on day 21, there was inadequate delivery of hyperpolarized
[1-3q] pyruvate to regions of the tumor precluding sufficient
metabolite signal for accurate quantification of the Lac/Pyr ratio.
The difference in blood flow and volume between tumor and
contralateral brain may indicate decreased tumor perfusion and
possibly necrosis at that time point.

Conversely, as illustrated in the representative case for the
rodent that received combined therapy (Figure 4B), 2 days after
starting the combined therapies, the tumor already exhibited a
reduced Lac/Pyr ratio compared with day 7. This ratio was com-
parable to that of the remaining brain tissue over the rest of the
longitudinal experiment. Changes in the Lac/Pyr ratio in tumor
tissue indirectly suggests a reduction in LDH activity and
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potentially an effective therapeutic response. Measured Lac/Pyr
ratios in contralateral brain declined and remained low after the
window of therapy. This might be a result of reduced inflamma-
tion, which subsided after treatment caused by radiotherapy, in-
tracranial hypertension from the growing tumor, and/or a side
effect of the administration of chemotherapy (52). For this repre-
sentative animal, blood flow and blood volume in the tumor and
contralateral brain were also measured. The blood flow and blood
volume in tumor were returned to a level consistent with the con-
tralateral brain region ~14 days after therapy (data not shown)
The restoration of blood flow and blood volume suggests
changes in tumor vasculature owing to therapy. However, this
observation can be made at only the later time points of the
experiment. The large variation in blood flow and blood volume
is a result of differences between the boundary of the tumor com-
pared with the core of tumor (53). The boundary of the tumor
shows increased blood flow and blood volume compared with
the core when it is treated. This leads to a reduction in therapeutic
efficacy near the tumor core where there is limited blood flow
and blood volume.

In the clinic, patients diagnosed with glioma undergo sur-
gery followed by radio- and chemotherapy (54). Unfortunately,
the effectiveness of a particular therapeutic method for an indi-
vidual patient may be unclear because of variation in tumor pro-
gression among patients. Determining the efficacy of therapy as
early as possible would provide an important tool for evaluation
of new therapies and improved survival for patients. As Figure 5
shows, the no therapy group shows elevated Lac/Pyr ratio sus-
tained throughout the study, which is possibly due to increased
LDH activity within the tumor. Blood flow and blood volume
ratios suggests that the tumor was poorly vascularized and
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necrotic; however, these data were not collected for all animals
and, as a result, no absolute conclusion can be drawn

Among the 3 therapy groups (radiotherapy, chemotherapy,
and combined therapy), the combined therapy group had the
highest rate of survival and displayed significant reduction in the
Lac/Pyr ratio within the tumors. Combined therapy is expected to
induce greater DNA damage compared with a single therapy
alone, which leads to cellular apoptosis, lactate production, and
tumor burden (55). In the literature, significant evidence exists
suggesting radiotherapy helps to increase vasculature permeabil-
ity and improve delivery of chemotherapeutic drugs to tumor
sites (56, 57). The chemotherapy group showed a statistically sig-
nificant reduction of the Lac/Pyr ratio in tumors; however, this
group of rats had a high rate of mortality. Chemotherapy animals
lost a significant amount of weight after therapy despite a mod-
erate dose of temozolomide given to those rats (58, 59).
Temozolomide is known to cause nausea, vomiting, fatigue, and
headache as adverse reactions in human (59, 60). These side
effects, may have been the cause of weight loss for these animals,
which negatively impacted their survivability. This may suggest
that chemotherapy on its own is sufficient to cause dysfunction
in tumor metabolism and proliferation; however, it is not potent
enough alone to extend survival. Furthermore, dimethyl sulfox-
ide was used as a vehicle for delivering temozolomide. The
repeated dose used for injection (~3.6 g/kg) was far less than the
tolerance dose (8.2 g/kg) (61). The radiotherapy group had a slow
and a nonstatistically significant decline in the Lac/Pyr ratio, yet
this group had low mortality compared with the chemotherapy
group. In fact, there was a large variation in the Lac/Pyr ratio af-
ter therapy among the radiotherapy group, suggesting that the
radiotherapy efficacy varies among the cohort. Despite injecting
approximately the same number of C6 cells and providing a
standard conformal radiation dose, an individual animal can
show a varied therapeutic response to radiotherapy. Those
tumors that did not respond to radiotherapy may indicate resist-
ance to therapy and tumor recurrence. However, an expanded
study in the future with extended timeline would be required to
establish the metabolic profile associated with resistance to ther-
apy and potential recurrence. This longer longitudinal imaging
study may also be able to assess the prognostic ability of the Lac/
Pyr ratio to predict therapeutic outcomes. To be definitive, this
will require a carefully constructed set of experimental protocols.

Lastly, Figure 6 presents histological validation of Lac/Pyr
measurements in the tumor model. Histological sections have
been coregistered to the MRI data for accurate comparison.
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