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Abstract
Glioblastoma (GBM) is the most common and lethal primary malignant brain tumor in humans.
Because the phosphatidylinositol-3-kinase (PI3K) signaling pathway is activated in more than
88% of GBM, new drugs which target this pathway, such as the mTOR inhibitor Everolimus, are
currently in clinical trials. Early tumor response to molecularly targeted treatments remains
challenging to assess non-invasively, because it is often associated with tumor stasis or slower
tumor growth. Innovative neuroimaging methods are therefore critically needed to provide
metabolic or functional information that is indicative of targeted therapeutic action at early time
points during the course of treatment.

In this study, we demonstrated for the first time that hyperpolarized (HP) 13C magnetic resonance
spectroscopic imaging (MRSI) can be used on a clinical MR system to monitor early metabolic
response of orthotopic GBM tumors to Everolimus treatment through measurement of the HP
lactate-to-pyruvate ratios. The study was performed on a highly invasive non-enhancing orthotopic
GBM tumor model in rats (GS-2 tumors), which replicates many fundamental features of human
GBM tumors. Seven days after initiation of treatment there was a significant drop in the HP
lactate-to-pyruvate ratio from the tumor tissue in treated animals relative to day 0 (67%±27%
decrease). In the control group, no significant changes in the HP lactate-to-pyruvate ratios were
observed. Importantly, at the 7 day time point, conventional MR imaging (MRI) was unable to
detect a significant difference in tumor size between control and treated groups. Inhibition of
tumor growth by conventional MRI was observed from day 15 of treatment. This implies that the
decrease in the HP lactate-to-pyruvate ratio could be detected before any treatment-induced
inhibition of tumor growth.

Using immunohistochemical staining to further examine tumor response to treatment, we found
that the decrease in the HP lactate-to-pyruvate ratio was associated with a drop in expression of
lactate dehydrogenase, the enzyme that catalyzes pyruvate to lactate conversion. Also evident was
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decreased staining for carbonic anhydrase IX (CA-IX), an indicator of hypoxia-inducible factor 1α
(HIF-1α) activity, which, in turn, regulates expression of lactate dehydrogenase.

To our knowledge, this study is the first report of the use of HP 13C MRSI at a clinical field
strength to monitor GBM response to molecularly targeted treatments. It highlights the potential of
HP lactate-to-pyruvate ratio as an early biomarker of response, thereby supporting further
investigation of this non-invasive imaging approach for eventual clinical application.
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1. INTRODUCTION
Between 2004 and 2006, more than 158,000 new cases of primary brain and central nervous
system tumors were diagnosed in the United States, corresponding to an overall incidence of
18.71 per 100,000 people per year (CBRTUS, 2010). More than 27,000 of these tumors
were classified as glioblastoma (GBM), which is the most common and aggressive type of
primary brain tumor (Louis, 2007). The conventional care for patients diagnosed with GBM
is based on the combination of maximal safe surgical resection with chemotherapy and
radiotherapy treatments (Belda-Iniesta, 2008; Clarke, 2010; Stupp, 2009; Stupp, 2005;
Stupp, 2010). Despite the use of adjuvant radiation and chemotherapy, tumor recurrence is
observed in nearly all instances, and the median survival for GBM patients has seen only
modest improvement, to approximately 15 months (CBRTUS, 2010). The identification of
treatments that effectively and specifically target GBM for achieving improved patient
outcomes remains an elusive goal.

A promising approach for the treatment of GBM is based on using molecularly targeted
agents, i.e. new drugs specifically inhibiting a step in one of the many signaling pathways
deregulated in cancer. The phosphatidylinositol-3-kinase (PI3K) signaling pathway, which
plays a crucial role in cell growth, proliferation, differentiation, metabolism and survival, is
activated in more than 88% of GBM (Bunney and Katan, 2010; CGARN, 2008).
Accordingly, new drugs that specifically target one or several steps in this pathway are
currently being developed and evaluated (Cleary and Shapiro, 2010; Minniti, 2009;
Workman, 2006). Among the possible targets, the mammalian target of rapamycin (mTOR)
appears promising (Akhavan, 2010). Several mTOR inhibitors have been developed and
several are being evaluated in clinical trials (Cleary and Shapiro, 2010). In particular, the
anticancer drug Everolimus (RAD001), a rapamycin analog mTOR inhibitor, is currently
being investigated for efficacy as a part of combination therapies in phase I/II clinical trials
for newly diagnosed and recurrent GBM (Nguyen, 2006; Sarkaria, 2010)
(http://clinicaltrials.gov/).

The assessment of early response to targeted therapies using conventional imaging methods
such as magnetic resonance imaging (MRI) or computerized axial tomography (CT) remains
a challenge. MRI and CT are mostly limited to the detection of anatomical changes, which
typically occur at late time points post treatment initiation. These changes can be as drastic
as tumor shrinkage, but treatment can also induce tumor stasis or inhibition of tumor growth.
In such cases, anatomical imaging methods are unable to provide an early indication of
tumor responsiveness to molecularly targeted treatments.

As a result of conventional imaging limitations, alternative neuroimaging methods are being
developed and evaluated. Considering its high sensitivity to the intrinsic structural properties
of biological tissues, diffusion-based MR imaging presents a promising alternative
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neuroimaging approach for the study of GBM. Indeed methods such as diffusion-weighted
imaging (DWI) and diffusion tensor imaging (DTI) have proven useful for patient
stratification, diagnosis and prognosis (Byrnes, 2011; Ellingson, 2011; Pope, 2011; Saksena,
2010). However, these methods are only sensitive to structural variations, and cannot inform
on tissue function. Neuroimaging methods aiming at measuring functional parameters
associated with brain tumor metabolism are therefore being investigated based on the
hypothesis that modulations of tumor metabolism occur at early stages post treatment
initiation. In many cancer types, [18F] 2-fluoro-2-deoxy-D-glucose positron emission
tomography (FDG-PET) has shown great potential for monitoring response to therapy by
exploiting the well-known increase in glucose uptake in tumors (Warburg, 1956).
Unfortunately, this method presents several limitations for the study of GBM, with the most
significant being that the high level of glucose uptake in tumors is hard to separate from the
normally high background uptake in surrounding normal brain tissue (Phelps and Mazziotta,
1985). More recently, PET imaging of cellular proliferation using [18F] fluorothymidine
(FLT-PET) was shown as a promising approach to monitor treatment, both in preclinical
models (Monazzam, 2009; Wei, 2008) and in clinical studies (Chen, 2007b). However,
repeated longitudinal studies using PET imaging could be limited by radiation exposure.

13C MR spectroscopy (MRS) or spectroscopic imaging (MRSI) in combination with the
recently developed dynamic nuclear polarization technique (DNP) is a highly promising
radiation free imaging method which, through the hyperpolarization of 13C-labeled
compounds, improves the MR detectable signal-to-noise ratio by a factor of 10,000
(Ardenkjaer-Larsen, 2003). As a consequence, 13C MRS and 13C MRSI of hyperpolarized
(HP) probes have enabled non-invasive assessment of changes in several metabolic reactions
(Viale and Aime, 2010).

Among the MRS probes, [1-13C] pyruvate has been the most commonly used, as it fulfills
the main requirements of a useful MR probe: (i) a long enough longitudinal relaxation time
T1 that enables monitoring of HP [1-13C] pyruvate conversion into other HP species within
the hyperpolarization lifetime, (ii) a high level of polarization providing adequate signal to
noise for detection of substrate and product, and (iii) a high biological relevance due to its
key role in metabolism. HP [1-13C] pyruvate is extremely valuable for the study of cancer
because the conversion of pyruvate into lactate, which is catalyzed by the enzyme lactate
dehydrogenase (LDH), is abnormally elevated in tumor cells (Warburg, 1956). The use of
HP [1-13C] pyruvate has allowed assessment of tumor metabolism by monitoring its
conversion to HP [1-13C] lactate in preclinical models of cancer (Albers, 2008; Chen,
2007a; Day, 2007; Golman, 2006; Hu, 2010; Witney, 2009), including GBM (Park, 2010;
Ward, 2010). Following these promising preclinical studies, a pioneer clinical trial using HP
[1-13C] pyruvate in prostate cancer patients is now ongoing at the University of California,
San Francisco.

Recently, we demonstrated that 13C MRS and 13C MRSI of HP [1-13C] pyruvate could be
used to assess tumor response to molecularly targeted inhibition of the PI3K/mTOR
signaling pathway by Everolimus in perfused GBM cells and in subcutaneous (sc) GBM
tumors (Ward, 2010). Specifically, we showed that PI3K/mTOR inhibition resulted in a
decrease in the conversion of HP [1-13C] pyruvate into HP [1-13C] lactate, and that this
decrease was due to a drop in expression of the LDH isoform LDH-A, which, in turn, is
likely due to a drop in expression of the mTOR regulated hypoxia-inducible factor 1α
(HIF-1α) transcription factor (Firth, 1995; Pouyssegur, 2006; Ward, 2010). In the present
study we have further investigated the potential utility of 13C MRSI of HP [1-13C] pyruvate
for studying GBM response to mTOR targeted inhibitor therapy, but in the context of the
more relevant pre-clinical model involving invasive orthotopic (intracranial) GBM
xenografts. Using HP 13C MRSI on a clinically relevant 3T MR system, we demonstrate the
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ability to non-invasively monitor orthotopic tumor mTOR inhibition by Everolimus, thus
showing the potential of HP 13C MRSI for assessing early brain tumor response to
molecularly targeted therapies.

2. MATERIAL and METHODS
2.1. Cell culture

GS-2 cancer cells modified for bioluminescence imaging (BLI) via transduction with a
firefly luciferase-encoding HIV1-based lentivirus (Gunther, 2008; Sarkaria, 2007) were
kindly provided by Dr. Haas-Kogan and Dr. James (University of California, San
Francisco). Cells were cultured in McCoy’s medium supplemented with 10% heat-
inactivated fetal bovine serum, 100units.mL−1 penicillin and 100μg.mL−1 streptomycin.
They were maintained as exponentially growing monolayers at 37°C in a humidified
atmosphere consisting of 95% air and 5% CO2.

2.2. Intracranial injection of tumor cells
All animal research was approved by the Institutional Animal Care and Use Committee of
the University of California, San Francisco. A total of nine male athymic rats (median
weight 200g, rnu/rnu, homozygous) purchased from Harlan (Indianapolis, IN) were housed
and fed under aseptic conditions. An hour before starting the intracranial (ic) injection, GS-2
BLI cells were washed once with phosphate buffered saline solution, harvested by
trypsinization, counted and resuspended in serum-free McCoy’s medium to a final
concentration of 3×105 cells per 10μL. For ic injection, rats (5 to 6 week-old at the time of
injection) were anesthetized by an intraperitoneal (ip) injection of a mixture of ketamine/
xylazine (60/7.5mg.kg−1 respectively). A volume of 10μL of cell suspension was slowly
injected into the right caudate-putamen of the animal brain by free hand technique, as
previously described (Ozawa, 2006; Ozawa, 2002). Buprenorphine was injected
subcutaneously right after injection of tumor cells for optimal pain management
(0.05mg.kg−1, v=1mL).

2.3. Bioluminescence imaging
30±0.5 days post ic injection of tumor cells, BLI was performed to confirm intracranial
tumor growth. Briefly, rats were anesthetized using isoflurane in O2 (2%, 1.5mL.min−1) and
injected ip with a volume of 1mL luciferin at a dose of 150mg.kg−1. The animals were then
positioned in a cooled CCD camera (IVIS-200; Xenogen) and the presence of fluorescence
from the tumor was assessed using the Living Image 2.5 software package (Xenogen).

2.4. Everolimus treatment
40±4 days post ic injection of tumor cells, treated animals (n=5) received a daily ip injection
of Everolimus (10mg.kg−1.day−1 in DMSO, v=200μL, Molcan Corporation, Canada) while
control animals (n=4) received the same volume of DMSO only. Seven days post initiation
of treatment, 3 animals in each group were euthanized for further histological studies.
Treatment with Everolimus/carrier was pursued on three animals (n=2 treated, n=1 control)
for 23 days in order to confirm the long-term effects of treatment.

2.5. Animal handling during MR acquisitions
Prior to each experiment, animals were anesthetized using a mixture of isoflurane in O2
(3%, 1.5mL.min−1) then placed on an electric heating pad and maintained under anesthesia
using a nose cone (1%-2% isoflurane in O2, 1.5mL.min−1) during catheter placement and
throughout the imaging session. A 24G catheter was placed and secured into the tail vein of
the animals to allow for intravenous (iv) injection of HP [1-13C] pyruvate. Rats were then
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placed in a custom-made cradle allowing positioning of the brain in the center of the RF coil
and in the center of the magnet. A water-heating pad placed under the animal was used to
maintain stable body temperature throughout the imaging session.

2.6. Polarization and injection procedures
A volume of approximately 32μL (weight 45±1mg) of [1-13C] pyruvic acid (Isotech,
Miamisburg, OH), 15mM OX63 trityl radical (Oxford Instruments, Abingdon, UK) and
0.5mM Dotarem (Gd-DOTA, Guerbet, France) was hyperpolarized using a HyperSense
DNP polarizer (Oxford Instruments, Abingdon, UK) for approximately 1 hour (Ardenkjaer-
Larsen, 2003; Park, 2010). The small quantity of Gd3+ mixed in the preparation is used to
increase the level of hyperpolarization of the [1-13C] pyruvic acid, as previously reported
(Johannesson, 2009). At the end of the irradiation, HP [1-13C] pyruvic acid was rapidly
dissolved in a 5.5±0.5mL volume of saline solution (40mM Tris, 100mM NaOH and
0.1mg.L−1 Na2EDTA) in order to obtain a solution of 100mM buffered HP [1-13C]
pyruvate. Within approximately 10 seconds after dissolution, a volume of 3.3±0.3mL of the
100mM buffered HP [1-13C] pyruvate solution was injected over 10 seconds by free hand in
the tail vein of the animal through the previously placed catheter. The injection volume was
adjusted to the animal’s body weight in each experiment in order to achieve a final injected
dose of HP [1-13C] pyruvate of 30mM per 100g of body weight. The 3D 13C MRSI
sequence was started 20 seconds after the beginning of the injection of HP pyruvate. This
delay between injection and acquisition corresponds to the time of maximum lactate
formation, as previously described (Park, 2010). The pH of the HP [1-13C] pyruvate solution
measured post injection was in the physiological range for each experiment (pH=7.29±0.72).

2.7. 1H and 13C MR acquisitions
Experiments were performed on a 3T GE Signa™ system (GE Healthcare, Milwaukee, WI)
equipped with a custom-designed dual-tuned 1H-13C coil (quadrature 13C channel, linear 1H
channel, 8cm inner coil diameter, 9cm length). Each animal underwent three MR sessions:
one prior to Everolimus/carrier treatment (D0), one two days (D2) and one seven days (D7)
post initiation of Everolimus/carrier treatment. Each of these MR sessions consisted of four
steps: (i) acquisition of high-resolution T2-weighted anatomical images in the three imaging
planes, (ii) iv injection of HP [1-13C] pyruvate, (iii) acquisition of the 13C 3D MRSI data
and (iv) acquisition of axial contrast enhanced T1-weighted images. Three animals (n=2
treated, n=1 control) were also imaged at day 9, 15 and 23 days in order to confirm the long-
term effects of treatment (T2-weighted and T1-weighted MR imaging only, no 13C 3D
MRSI).

T2-weighted anatomical images were acquired using a fast spin-echo (FSE) sequence in all
three imaging planes (TE/TR=60/4000ms) using a field of view of 8cm (axial: 320×192
matrix, 2mm slice thickness, 5 NEX; sagittal: 256×192 matrix, 2mm slice thickness, 4 NEX;
coronal: 256×192 matrix, 1.5mm slice thickness, 4 NEX). These images were used to assess
the tumor size and location and to reproducibly position the 13C 3D MRSI grid based upon
anatomical landmarks. A previously described double spin echo (SE) sequence was used to
acquire the 13C 3D MRSI data 20 seconds post iv injection of HP [1-13C] pyruvate (TE/
TR=140/215ms, 4×4×5.4mm resolution, centric k-space encoding, variable flip angle
scheme, 17seconds acquisition time) (Cunningham, 2007). After acquisition of the HP 13C
data, 0.1 mL Magnevist (Gd-DTPA, Bayer Schering, 0.2 mmol.kg−1) was injected and axial
contrast enhanced T1-weighted SE images were acquired with the following parameters:
TE/TR=10/700 ms, 8cm FOV, 320×192 matrix, 1.2mm slice thickness 6 NEX.
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2.8. Data post-processing and analysis
Tumor volume was assessed from the anatomical T2-weighted images using dedicated in-
house software (Nelson, 2001). Briefly, for each animal at each time point, manual
contouring of the tumor was performed in each axial slice, defining the vertices of the tumor
region in real coordinates. The final volume was then calculated as the sum throughout
slices of the tumor region area times the slice thickness.

All HP 13C 3D MRSI data were post processed using in-house software, as previously
described (Nelson, 2001). Superimposition of the 3D 13C MRSI data on the axial T2-
weighted images was performed in order to localize the central tumor voxel (>80% of tumor
tissue) for each MR experiment. For each of the three imaging time points (Di with i=0, 2
and 7 days of Everolimus treatment), the magnitude spectrum from the tumor voxel was
used to assess the integrals of the lactate and pyruvate peaks and calculate the lactate-to-

pyruvate ratio . Integral values of lactate and pyruvate signals were
also estimated from a contralateral voxel, symmetrical with the tumor voxel relative to the
midsagital line, in order to assess the normal brain lactate-to-pyruvate ratio

. The values of the tumor lactate-to-pyruvate ratios
normalized to the values of this ratio in the contralateral brain were calculated for each
animal and for the three imaging time points (Di with i=0, 2 and 7) as follows:

In order to assess the variations of this ratio during Everolimus treatment, the values of this
ratio were expressed as a percentage of the (Lactate/Pyruvate)D0 measured prior to
treatment initiation (D0), as follows:

The final ratios  were then averaged within the animal groups
(control and treated). A heatmap of this ratio was generated by spatial interpolation of the
processed 13C MRSI data to the resolution of the anatomical image.

2.9. Statistical analysis
A two-tailed paired Student’s t-test was used to verify the statistical significance of
differences between time points within each group, and a two-tailed unpaired t-test was used
to assess the significance of differences between groups at each time point. All results are
expressed as mean ± sd and p ≤ 0.05 was considered significant.

2.10. Immunohistochemistry (IHC)
At D7 after initiation of treatment, animals (n=3 controls, n=3 treated) were euthanized,
their brains resected and placed in 10% buffered formalin for 24 hours. The brains were
embedded in paraffin and sectioned in the axial plane. The following IHC stains were
performed by the UCSF Tissue core: hematoxylin and eosin (H&E, HXHHEGAL/STE0157
antibody, American Mastertech Scientific), carbonic anhydrase IX (CA-IX, NB100-417
antibody, Novus Biologicals), factor VIII (FVIII, A0082 antibody, Dako), mindbomb
homolog 1 (MIB-1, 790–4286 antibody, Ventana), caspase 3 (Casp3, 9661 antibody, Cell
signaling) and lactate dehydrogenase A (LDH-A, 1980-1 antibody, Epitomics).
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All stained slides were imaged using a Nikon Eclipse Ti-E motorized inverted microscope
(Nikon Imaging Center, University of California, San Francisco) and assessed qualitatively.

3. RESULTS
3.1. Everolimus treatment does not induce a detectable effect on tumor growth after seven
days of treatment, as assessed by conventional MR imaging

BLI of luciferase-modified intracranial GS-2 xenografts was performed prior to starting the
MR imaging sessions in order to confirm the presence of intracranial tumor. Detectable
GS-2 tumor developed in all nine animals 30±0.5 days post ic injection (data not shown).
Tumors were allowed to progress until day 40±4 to achieve sufficient volume for MR
spectroscopic imaging. At this time, tumors were visible as areas of hypersignal on T2-
weighted images, as shown in Figure 1A. The dotted lines superimposed to anatomical
images highlight tumor areas between D0 and D7 for one control and one treated animal.
Contrast enhanced T1-weighted images show no enhancement in the tumor region,
confirming the invasive non-enhancing feature of this tumor model (data not shown).

Figure 1B shows the tumor growth curves as a function of days following treatment
initiation for the control and treated groups. Tumor volumes were significantly increased
compared to pre-treatment following 7 days of Everolimus or carrier (223±9% of D0 for
treated, p=8×10−6 and 250±25% of D0 for controls, p=0.001), consistent with the
representative images in Figure 1A. The differences in tumor volume between the two
groups were not significant at D2 (p=0.5) or D7 (p=0.1) but were detected by day 15 (D15)
of treatment (n=1 control, n=2 treated). Even though no statistical analysis regarding the
difference in tumor volumes could be derived from D15 data due to the limited number of
animals, this single case observation is in agreement with the known anti-tumor effect of
Everolimus administration (Goudar, 2005; Yang, 2008).

3.2. HP lactate-to-pyruvate ratios reveal differences in tumor metabolism between treated
and control animals

HP 13C MRSI and anatomical imaging were performed at D0, D2 and D7 post initiation of
treatment. Figure 2 presents MR datasets obtained at D0 and D7 for one of the Everolimus
treated animals. HP [1-13C] pyruvate is detectable in each voxel of the grid, and is
comparable between normal brain and tumor. However, HP [1-13C] lactate signal is much
higher in the tumor region, as a result of the high glycolytic activity of GBM tumor cells.

Importantly, tumor HP 13C spectra indicate a decrease in the  ratio
after 7 days of Everolimus treatment (Figure 2C).

Heatmaps of normalized  values generated from HP 13C MRSI
datasets and corresponding anatomical images are presented in Figure 3, and illustrate both

the spatial and temporal modulations in the  values. These
maps additionally show the close spatial correspondence between tumor tissues hypersignals

on T2-weighted images (Figure 3A) and areas of high  (Figure
3B), which decreases in the Everolimus treated animal after 7 days, in agreement with data
presented in Figure 2. In contrast, this ratio increases after 7 days of control animal carrier
treatment.

A histogram of the average (Lactate/Pyruvate)NORMALIZED values over time (D0, D2 and
D7), for both control and treated groups, is presented in Figure 4. After 2 days, no
significant difference was evident between Everolimus and control animals. However, after
7 days of treatment, the values of these ratios were significantly lower in treated vs. ontrol
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subjects (p<0.05):

.

From a clinical perspective it is more important to assess the potential of HP lactate-to-
pyruvate ratios for longitudinal follow-up of treatment. The values of

 (treated) drop significantly in treated animals within 7 days of
Everolimus treatment (p<0.05):

. In contrast, in the control group, these ratios showed an increasing trend but the changes
were not statistically significantly (p=0.1 at D7).

It is also important to note that the observed drop in  following
treatment is specific to the tumor tissue and is not a general effect of Everolimus on the
entire brain. Indeed, the values of (Lactate/Pyruvate)TUMOR, when not normalized to the
contralateral brain, follow the same trend. Furthermore, it is important to highlight that the
values of (Lactate/Pyruvate)CONTRALATERAL remain stable throughout the 7 days of
treatment, with no significant differences found between D0, D2 and D7 for both groups.
More importantly, the values of (Lactate/Pyruvate)CONTRALATERAL are not significantly
different between the two groups: the average value for all animals over D0, D2 and D7 was
0.40±0.20 in the case of treated animals, and 0.44±0.25 in the case of controls (p=0.7). The
rather high standard deviations on these values reflect the inter-animal intrinsic
physiological variability and highlight the need for normalization to contralateral brain. This
normalization provides a method for compensating for the small biological variations in
levels of HP [1-13C] pyruvate delivered to the brain and enhances the significance of results.

3.6. The decrease in lactate signal in the tumor reflects a decrease in LDH expression
We have previously shown that the drop in HP [1-13C] pyruvate to HP [1-13C] lactate
conversion following inhibition of the PI3K/mTOR pathway is associated with a drop in
LDH-A expression and activity in GBM perfused cells (Ward, 2010). In order to confirm
this in vivo, IHC was performed on the tumors after 7 days of Everolimus vs. carrier
treatment as shown in Figure 5. No changes in the levels of Casp3 could be detected
between control and treated animals at D7, suggesting that the levels of apoptosis were
highly similar between the two groups at that time point (Figure 5A). The level of
proliferation, as shown by MIB-1 staining results in Figure 5B, as well as FVIII staining
(data not shown) were also similar in the control and treated groups at D7. In contrast,
Everolimus treatment induced a substantial decrease in the level of CA-IX relative to control
animals, supporting decreased HIF-1α levels following mTOR inhibition (Figure 5C) (Ward,
2010). A striking decrease in the expression of the enzyme that catalyzed the conversion of
lactate to pyruvate, LDH-A, is also evident in Everolimus treated tumors as compared to
control (Figure 5D).

4. DISCUSSION
Non-invasive assessment of early response to treatment is critical to achieving improved
outcomes for GBM patients. In this study, we show that HP 13C MRSI is a promising non-
invasive neuroimaging technique that can provide early information on the metabolic status
of tumors treated with the mTOR inhibitor Everolimus.

Conventional MR imaging was unable to detect changes in tumor volume in an orthotopic
GBM xenograft model for up to 7 days of Everolimus treatment. This observation is in
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agreement with the results in previous reports that indicate that sustained treatment is
required for detecting Everolimus GBM anti-tumor effect in subcutaneous and orthotopic
GBM models (Goudar, 2005; Yang, 2008).

In contrast, HP 13C MRSI provided indication of Everolimus anti-tumor effect as early as 7
days post treatment initiation through the measurement of the lactate-to-pyruvate ratios
(Lactate/Pyruvate)NORMALIZED. Moreover, analysis of the (Lactate/Pyruvate)NORMALIZED

values associated with longitudinal imaging of treated subjects indicates the potential of
MRSI for indicating both extent and duration of inhibitor anti-tumor activity. Therefore,
HP 13C MRSI would not only identify early response to treatment, but could additionally be
used to determine when patient tumors are acquiring resistance to therapy.

HP 13C MRSI detects HP [1-13C] lactate levels originating from the conversion of
exogenous HP [1-13C] pyruvate by the LDH enzyme in the tumor. As a consequence, the
HP lactate-to-pyruvate ratio measured in the tumor tissue depends on (i) [1-13C] pyruvate
delivery and transport to tumor cells, (ii) level of the LDH cofactor NADH and (iii) level of
active LDH enzyme converting HP [1-13C] pyruvate into HP [1-13C] lactate. With regard to
the former, it is important to emphasize that the orthotopic GS-2 tumor model used in this
study was chosen because of its high invasiveness that should promote retention of an intact
blood brain barrier (BBB). Indeed, contrast enhanced MR imaging studies of these tumors
do not show any enhancement in the tumor region following injection of Gd-based contrast
agent, even after a week of Everolimus treatment. Consistent with the MRI observations,
analysis of FVIII and H&E IHC stains of GS-2 tumors shows that the density of blood
capillaries is comparable between normal and tumor tissues after a week of Everolimus
treatment, supporting vessel co-option by tumor, as previously described (di Tomaso, 2011;
Leenders, 2002). Although minor alterations of the BBB affecting HP [1-13C] pyruvate
delivery to tumor cannot be entirely discounted, the lack of Gd enhancement indicates that
the extent to which the BBB is preserved in the GS-2 model is superior to that associated
with non-invasive orthotopic GBM xenograft models, such as U87-MG.

Regarding the levels of NADH, cellular apoptotic response to treatment induces a depletion
of the NADH pools, which could result in a drop in the level of HP [1-13C] lactate detected
by 13C MRSI (Day, 2007). However, results from IHC analysis of activated caspase 3
showed that the levels of apoptosis are low and comparable between control and treated
groups at D7, thereby decreasing the likelihood of large variations in (Lactate/
Pyruvate)NORMALIZED NADH pool as contributing to observed differences in ratios between
control and treated groups.

Whereas BBB disruption and cellular NADH levels do not appear to be affected by
Everolimus treatment, decreased expression of LDH in association with Everolimus
treatment was evident, and is likely a consequence of mTOR inhibition. Because the
conversion of HP [1-13C] pyruvate into HP [1-13C] lactate is catalyzed by the LDH enzyme,
a lower level of LDH expression in the Everolimus-treated tumors is likely to induce a

decrease in  (treated) measured by HP 13C MRSI.

The added value of HP 13C MRSI when comparing to anatomical MRI is clear. However it
is important to address the relative advantages of HP 13C MRSI compared to the already
clinically available functional neuroimaging technique, FDG-PET. Results from a recent
publication indicate that HP 13C MRSI has comparable sensitivity for monitoring tumor
response to etoposide in a murine lymphoma model (Witney, 2009). However, the effects of
etoposide are primarily pro-apototic and result in decreased tumor cellularity, which, in turn,
leads to a decrease in FDG uptake by the tumor. In the case of molecularly-targeted drugs
such as Everolimus, which do not induce high levels of apoptosis, the ability of FDG-PET to
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detect tumor changes is less certain. In fact, a recent phase I clinical trial of Everolimus and
temozolomide in combination with radiation therapy in newly diagnosed GBM patients
revealed that FDG uptake was unchanged in 14 out of 18 patients after one week of
Everolimus treatment (Sarkaria, 2010). Furthermore, as mentioned previously, FDG-PET is
often unable to detect variations in cerebral FDG-uptake in brain tumors, due to the high
signal background coming from surrounding normal tissues. A further advantage of HP 13C
MRSI is associated with the use of a non-radioactive tracer. Currently, the main limitation of
HP 13C MRSI in comparison with FDG-PET is a lower spatial resolution. The resolution
used in this study was 4×4×5.4mm as compared to the resolution of FDG-PET
neuroimaging, which is in the range of 1.25–2mm isotropic. However, the resolution of
HP 13C MRSI is anticipated to experience rapid improvement in the very near future due to
the development of new ultra fast neuroimaging sequences dedicated to the detection of
hyperpolarized 13C compounds (Larson, 2011; Tropp, 2011).

5. CONCLUSION
This study is the first report of the use of HP 13C MRSI for monitoring molecularly targeted
treatment in invasive non-enhancing GBM tumors at clinical field strength. The results
described in this study confirm those we previously reported in treated cells and sc tumors.
We showed that modulations of (Lactate/Pyruvate)NORMALIZED ratios can be detected as
early as 7 days post treatment initiation, even though no changes in tumor growth between
control and Everolimus treated groups could be observed at that time point. This confirms
our working hypothesis that changes in tumor metabolism induced by molecularly targeted
treatment occur prior to any detectable changes in tumor size.

A clinical trial monitoring the use of HP 13C MRSI is ongoing in prostate cancer patients at
the University of California San Francisco with very promising preliminary results. The
application of this technique for diagnosis and treatment follow-up of GBM patients is likely
to be next. Our study shows encouraging results for the eventual clinical application of
HP 13C MRSI for assessing the extent of GBM patient tumor response to targeted small
molecule inhibitor therapy. This, in turn, should facilitate improved clinical management of
GBM through more rapid identification of efficacious therapies in treating individual
tumors, and through longitudinal monitoring of tumor response to therapy, to identify a
stage of treatment at which acquired resistance to therapy is indicated, allowing alternative
treatments to be administered.
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Abbreviations

GBM glioblastoma

PI3K phosphatidylinositol-3-kinase

mTOR mammalian target of rapamycin

MRI magnetic resonance imaging

CT computerized axial tomography

FDG-PET [18F] 2-fluoro-2-deoxy-D-glucose positron emission tomography
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MRS magnetic resonance spectroscopy

MRSI magnetic resonance spectroscopic imaging

DNP dynamic nuclear polarization

HP hyperpolarized

LDH lactate dehydrogenase

HIF-1α hypoxia-inducible factor 1α

BLI bioluminescence imaging

ic intracranial

ip intraperitoneal

FSE fast spin-echo

FOV field of view

NEX number of excitations

SE spin-echo

IHC immunohistochemistry

H&E hematoxylin and eosin

CA-IX carbonic anhydrase IX

FVIII factor VIII

MIB 1 mindbomb homolog 1

Casp3 caspase 3

NADH nicotinamide adenine dinucleotide

BBBm blood brain barrier
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Research Highlights

• We use hyperpolarized 13C MRSI to monitor mTOR-targeted therapy in
glioblastoma

• Hyperpolarized lactate-to-pyruvate ratio drop early following onset of treatment

• Tumor volume remains unchanged until late time points during treatment

• The drop in lactate-to-pyruvate ratio is associated with a drop in LDH levels

• Lactate-to-pyruvate ratio is an early biomarker of drug target modulation
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Figure 1.
(A) Axial T2-weighted images of one control (top) and one Everolimus treated (bottom)
animal. The left column corresponds to data acquired prior to treatment initiation (D0), the
right column to data obtained at D7. Orthotopic GBM tumors can be seen as hyperintense
signals on the images (red dotted lines), illustrating tumor growth. (B) Tumor volume was
assessed from anatomical images as a function of days of carrier/Everolimus treatment for
both control (plain line) and treated (dotted line) groups, respectively. No changes in tumor
volume are noticed between the two groups at D7. Slower tumor growth can be seen in
Everolimus treated animals at later time points.
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Figure 2.
(A) HP 13C MRSI grids superimposed to anatomical images acquired from one Everolimus
treated animal at D0 (left) and D7 (right). The tumor voxels (>80% of tumor tissue) are
presented as bold boxes. (B) Corresponding HP 13C MRSI spectra. (C) HP 13C spectra from
the tumor voxels of interest and corresponding values of (Lactate/Pyruvate)TUMOR and
(Lactate/Pyruvate)NORMALIZED. A decrease in the (Lactate/Pyruvate)TUMOR ratio can clearly
be observed after 7 days of Everolimus treatment.
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Figure 3.
(A) Axial T2-weighted images and (B) corresponding heatmaps of the (Lactate/
Pyruvate)NORMALIZED ratios derived from HP 13C MRSI datasets of one control (left) and
one Everolimus treated (right) animal. For each animal, the left column corresponds to data
acquired prior to initiation of treatment (D0), the right column to data obtained at D7.
Everolimus treatment induces a decrease of the (Lactate/Pyruvate)NORMALIZED ratio in the
tumor region for the treated animal, whereas an increase of this ratio can be seen in the
control animal.
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Figure 4.
Histogram of the average (Lactate/Pyruvate)NORMALIZED ratios at D0, D2 and D7 for
control (black) and treated (white, dotted) groups. The average ratios were significantly
different between control and treated animals at D7, and a significant decrease in this ratio
was measured between D0 and D7 for the treated group. *p=0.05

Chaumeil et al. Page 19

Neuroimage. Author manuscript; available in PMC 2013 January 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
(A) Casp3, (B) MIB-1, (C) CA-IX and (D) LDH-A IHC stains of orthotopic GBM tumors
resected after 7 days of carrier (left, control) and Everolimus (right, treated) treatments. No
differences are observed between the two samples for both Casp3 and MIB-1, suggesting
identical levels of apoptosis and proliferation, respectively. However, a clear drop CA-IX
and LDH-A can be seen in the treated tumor.
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