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1 | INTRODUCTION

Although O nuclear magnetic resonance (NMR) spectroscopy has
been utilized for a long time in the life sciences,® modern
instrumentation has allowed the development of both ’O magnetic
resonance spectroscopy (MRS) and 7O magnetic resonance imaging
(MRI).*® During oxidative metabolism, molecular oxygen is converted
into water at a rate dependent on the metabolic activity in tissues. This
conversion can be monitored using 7O MRS. During the inhalation of
170-enriched oxygen gas (1”0,), the metabolic inclusion of the O

atom in water molecules and the appearance of the water peak

Marie-Aline Neveu and Nicolas Joudiou contributed equally to this work.

Abbreviations used: 3D FLASH, three-dimensional fast low-angle shot; BOLD,
blood oxygenation level-dependent; BW, bandwidth; CMRO,, cerebral
metabolic rate of oxygen; EPR, electron paramagnetic resonance; FA, flip
angle; FID, free induction decay; FOV, field of view; H,'’0O, YO-labeled
water; MRS, magnetic resonance spectroscopy; NA, number of averages;
NMR, nuclear magnetic resonance; 7O, ’O-enriched oxygen gas; PET,
positron emission tomography; RARE, rapid acquisition with relaxation
enhancement; RF, radiofrequency; ROI, region of interest; SEM, standard error
of the mean; SNR, signal-to-noise ratio

Although oxygen consumption is a key factor in metabolic phenotyping, its assessment in tumors
remains critical, as current technologies generally display poor specificity. The objectives of this
study were to explore the feasibility of direct ’O nuclear magnetic resonance (NMR)
spectroscopy to assess oxygen metabolism in tumors and its modulations. To investigate the
impact of hypometabolism induction in the murine fibrosarcoma FSAIl tumor model, we moni-
tored the oxygen consumption of normothermic (37°C) and hypothermic (32°C) tumor-bearing
mice. Hypothermic animals showed an increase in tumor pO, (measured by electron paramag-
netic resonance oximetry) contrary to normothermic animals. This was related to a decrease in
oxygen consumption rate (assessed using O magnetic resonance spectroscopy (MRS) after
the inhalation of 7Oy-enriched gas). This study highlights the ability of direct *’O MRS to

measure oxygen metabolism in tumors and modulations of tumor oxygen consumption rate.

direct 7O MRS, EPR, oxygen consumption, tumor hypoxia

(H,Y70) reflect the local oxygen consumption. As a result of specific
detection of H,"O using direct 170 MRS in vivo, this non-invasive
technique allows the measurement and quantification of subtle
dynamic changes in metabolic H,*”O and oxygen consumption rate.” ¢

Oxygen plays a key role in cellular metabolism. As a major oxidizer,
O, is involved in the catabolism of fuel molecules and energy
production. O, metabolism is thus highly regulated to adjust to the
metabolic requirements and to ensure normal tissue function. Direct
70 NMR in vivo has been used to study O, metabolism in the

%16 and heart.1”*® These organs strongly rely on oxygen to

brain
produce energy, and many brain and heart diseases have been linked
to abnormal O, metabolism. Recently, the tumor oxygen consumption
rate has also been appraised using this technique.?”2° For a long time,
tumor cells have been considered to be defective in mitochondrial
of their

metabolism.?*??> However, new evidence on the oxidative activities

oxygen consumption because dominant glycolytic
in tumor cells has challenged this paradigm.2®2® Metabolic
characterization in vivo could change the understanding of tumor
metabolism and could allow the identification of new targets for

innovative anti-cancer strategies.
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The objectives of this study were to explore the feasibility of
direct O MRS to assess oxygen metabolism in tumors and its
modulations. To investigate the impact of hypometabolism induction
in the murine fibrosarcoma FSAIl tumor model, we monitored the oxy-
gen consumption of normothermic (37°C) and hypothermic (32°C)
tumor-bearing mice. We first evaluated the effect of mild hypothermia
on tumor oxygenation. Using electron paramagnetic resonance (EPR),
we observed an increase in pO, in hypothermic FSAIl tumors which
was not observed under normothermic conditions. We then studied
oxygen consumption in FSAIl tumors using a direct 17O MRS approach.
We showed that the induction of mild hypothermia had a profound
effect on tumor oxygen consumption in the tumor model. This study
highlights the ability of direct 7O MRS to quantitatively assess oxygen
metabolism in tumors.

2 | EXPERIMENTAL DETAILS

2.1 | Animal preparation

Animal studies were undertaken in accordance with Belgian and the
Université catholique de Louvain ethical committee regulations
(agreement numbers UCL/2010/MD/001 and UCL/2014/MD/026).

A total of 10° FSAIl murine fibrosarcoma cells were inoculated
subcutaneously into the hind thigh of C3H/HeOullco male mice
(Janvier, Le Genest-Saint-Isle, France). Tumors were measured daily
with an electronic caliper and the experiments were performed when
tumors had reached 8 + 1.0 mm in diameter (at this stage of tumor
development, necrosis was characterized as limited®”28). During the
experiments, animals were anesthetized by inhalation of isoflurane
(Forene, Abbott, Queenborough, Kent, UK) mixed with air in a
continuous flow (2 L/min), as this form of anesthesia has been shown
to have a negligible effect on tissue hemodynamics.?’ Anesthesia
was induced using 3% isoflurane; 1.5-2% isoflurane was then used
to maintain respiration at a rate of 80 + 10 breaths per minute during
the experiments. A pressure cushion was used to monitor respiration
during the experiments (SA Instruments Inc., Stony Brook, NY, USA).
A circulating water system was used to regulate body temperature,
and animal temperature was monitored using a rectal temperature
probe (Bioseb, Vitrolles, France). For the normothermic condition, ani-
mal temperature was kept at 37 + 0.5°C during the experiments. For
the hypothermic condition, the water pump temperature was reduced
to maintain the body temperature at 32 + 0.5°C.

2.2 | EPR measurements

EPR oximetry was used as it provides quantitative and very sensitive
measurements of tissue oxygenation. The method is also a relevant
tool to calibrate other oxygen-sensitive methods, such as MRI and
positron emission tomography (PET).%0-32

In vivo tumor pO, was monitored by EPR spectroscopy using
charcoal as the oxygen-sensitive probe333% EPR spectra were
recorded using a 1.1-GHz EPR spectrometer (Magnettech, Berlin,
Germany). According to calibration curves made by measuring the
EPR line width as a function of pO,,3° the EPR spectral line width

was converted to pO,. A charcoal suspension (100 mg/mL) was

injected intratumorally (60 uL), 24 h before the experiments. For EPR
reading, the tumor under study was placed in the center of the
extended loop resonator whose sensitive volume extends 1 cm into
the tumor mass. The pO, measurements correspond to an average of
pO, values in the tumor volume.

After the induction of mild hypothermia, pO, measurements
were started when the body temperature of the mice reached 32°
C. For the normothermic condition, measurements were performed
after a 10-min equilibration period. For each condition, EPR spectra

were recorded every 30 min during 2 h.

2.3 | Gas delivery system

The gas delivery system for 1O, inhalation experiments is presented
in Figure 1. The animal was placed in a home-built closed system con-
taining a nose cone, a circulating water system for body temperature
regulation, a breathing monitoring system and space for the radiofre-
quency (RF) coil. The nose cone was attached to a breathing line
connected to the main anesthesia line and to a 7O, delivery line
controlled by a valve. Prefilled syringes were used to manually deliver
the 10, gas and ensure continuous delivery. 170, gas (70% enriched,
NUKEM Isotopes GmbH, Alzenau, Germany) and the isoflurane/N gas
mixture were stored in separate gas reservoirs (Tedlar® bag); 40 mL of
170, gas were mixed with 160 mL of isoflurane (1.5%)/N, mixture. The
final mixture was loaded into 100-mL syringes connected to the
breathing line. To deliver the mixture, the breathing line was manually
switched to the O, line. By applying pressure on the prefilled
syringes, the 70O, mixture was delivered as a continuous flow during
2 min. Then, gas was switched back to the main anesthesia line. The
valve and syringes connected to the *’O, line were placed as close
to the outside of the magnet to limit the dead volume. Also, the
home-built system holding the animal was closed during the

experiments to limit gas dispersion.

2.4 | O MRS measurements

For oxygen consumption experiments, direct ’O MRS was performed
on an 11.7-T instrument (Bruker Biospec) controlled by Paravision 6.0
(Bruker, Ettlingen, Germany). Experiments were carried out using a
1H/Y0 Bruker surface coil system (equivalent diameters of 2 cm)
positioned over the tumor mass. Anatomical images were first acquired
using a To-weighted axial turbo RARE (rapid acquisition with relaxation
enhancement) sequence [TR = 2500 ms; TE = 30 ms; rare factor, 8;
number of averages (NA) = 2; field of view (FOV), 25 x 25 mm?
resolution, 98 x 98 pum?; slice thickness, 1 mm]. ’O MRS measure-
ments were carried out using a non-localized, single-pulse sequence
[TR = 16.5 ms; NA = 600; T,.q = 20 min (120 measurements); acquisi-
tion bandwidth (BW), 5000 Hz; flip angle (FA), 20°]. For the O MRS
sequence, the 90° reference pulse (0.405 ms) was optimized previously
on natural abundance H,*”O samples.

To measure tumor oxygen consumption during 7O, delivery, a
total of 120 YO spectra were collected in about 20 min, before,
during and after a 2-min inhalation period of the ’O, mixture. No
filter was applied on the free induction decay (FID). Phase correction

was applied to the spectra. Then, the integrals of the H,'’O peaks
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FIGURE 1 Gas delivery system. A, illustration
of the breathing system used to deliver 7O,.
(B) a closed home-built system (*) was used to
hold the animal during the experiments. This
system contained space for a nose cone, a
circulating water system for body temperature
regulation, a breathing monitoring system and
the radiofrequency (RF) coil

over time were measured using a home-built program written in
Matlab (The MathWorks Inc., Natick, MA, USA). The H,'O signal
was then expressed relative to the mean baseline signal before 1”0,
delivery. The mean signal of the final steady state (sin,) during the
post-inhalation period was calculated between 1100 and 1200 s.
We considered that the steady state was reached when the signal
stood between sy += 5% of signal variation. For each experiment,
the slope during the linear incorporation phase was measured
between 600 s and the time point at which steady state was reached.

We randomly separated mice into two distinct cohorts to undergo
conditions. For normothermic

normothermic or hypothermic

conditions, basal measurements were performed. For mild
hypothermic conditions, experiments were started 2 h after the mice
reached 32°C.

To estimate the signal contribution of both the tumor and muscle
compartments during oxygen consumption measurements, a three-
dimensional fast low-angle shot (3D FLASH) image of a sample filled
with Hy’O (0.5%) and H,O (TR = 12 ms; FA, 20° matrix,
32 x 32 x 32; FOV, 32 x 32 x 32 mm®; NA, 4096) was first obtained
with the 27O coil to map the signal obtained within the detection area.
Second, the tumor area and the surrounding muscle area were
delimited on every slice in a set of anatomical images of a typical
tumor. With the combined information of the signal from the *”O coil
and the region of interest (ROI) from tumor and muscle, the ratio of

contribution from both compartments was estimated.

2.5 | Statistical analysis

Analysis was performed using Graphpad software. Results were
expressed as the mean value of the parameter + standard error of

the mean (SEM). Paired t-test was used to compare mean changes in

pO, values for each condition (32°C or 37°C), and unpaired t-test
was used to compare mean changes in the H,O signal between the
two conditions. For all tests, results with p < 0.05 (*), p < 0.01 (**) or

p < 0.001 (***) were considered to be significant.

3 | RESULTS

3.1 | Effect of mild hypothermia on tumor
oxygenation

Using EPR oximetry, pO, levels of FSAIl tumors were monitored after
the induction of mild hypothermia (32°C), as presented in Figure 2. The
basal measured pO, (mean 4= SEM) was 3.6 4= 0.3 mmHg. The tumors
displayed a systematic increase in their oxygenation level 30 min after
hypothermia induction. The maximal pO, was reached after ~90 min,
with a mean pO, of 5.9 + 0.3 mmHg. This value was significantly
higher than the baseline (n = 5, p = 0.0005). No oxygenation changes
were observed for mice kept under normothermic (37°C) conditions
during 2 h (n = 4, p = 0.1028 after 2 h).

3.2 | Effect of mild hypothermia on tumor oxygen
consumption

In Figure 3, a typical evolution of the H,*"O signal is presented for
FSAIl tumors under normothermic (Figure 3A) and hypothermic
(Figure 3B) conditions during ’O MRS experiments. For each condi-
tion, the H,’0O signal was expressed relative to the mean baseline
signal before 70O, delivery. Before 7O, inhalation, the natural
abundance H,'’O signal was detected. The H,'’O signal increased
during Y0, inhalation as a result of the inclusion of the ’O atom

during metabolism, and reached a new steady state during the
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FIGURE 2 Effect of mild hypothermia on tumor oxygenation. A, evolution of pO, in tumors under normothermic (37°C) and hypothermic (32°C)
conditions, monitored by electron paramagnetic resonance (EPR) oximetry. Data are expressed as means + standard error of the mean (SEM). (B)

typical EPR spectrum recorded in vivo under hypothermic conditions

post-inhalation period. Contrary to the observations in previous studies

t18 tissues, the H,”O signal continued to

performed in brain®3 and hear
increase after the oxygen gas was switched to *°0,. In addition, we did
not observe the exponential decay rate during the post-inhalation
phase. These results highlight the impact of the complex tumor vessel
architecture and hemodynamics on O, metabolism.

Eleven tumors under normothermic conditions and six tumors under
hypothermic conditions were scanned. Pooled stacked plots of tumor
H,70 spectra are presented in Figure 4. The results were highly repro-
ducible under the same thermic conditions (Figure 4A). In addition, no

shift in the resonance frequency was observed during the experiments.
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For mice kept under mild hypothermia for 2 h, the rate of increase in
the H,”0 signal was lower compared to animals kept under normother-
mic conditions (p = 0.0011) (Figure 4B). Under hypothermia, FSAIl tumors
exhibited a slope of (2.295 + 0.26) x 10 s 1. Under normothermic
conditions, the slope was (6.619 4+ 0.767) x 1074 s,

4 | DISCUSSION

In this study, we evaluated the impact of hypothermia on the oxygen

consumption rate in tumors using direct 17O MRS. Mild hypothermia
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FIGURE3 H,70 signal from representative tumors under normothermic A, and hypothermic (B) conditions acquired before, during and after a 2-
min inhalation period of YO, gas and corresponding *H anatomical images. The H,”O signal is expressed relative to the mean baseline signal
before 70, delivery. The typical H,1”O spectra and related signal-to-noise ratio (SNR) for natural abundance (200 s) and final steady state

(1000 s) are shown for each condition
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consumption in tumors under normothermic 0.0008
(87°C) and hypothermic (32°C) conditions. A, -
pooled stacked plots of the tumor H,'”O 2 0.0006 -
signal during 17O, delivery experiments. The 2
1
H,*”0 signal is expressed relative to the mean = 0.0004-
baseline signal before 70, delivery. (B) 5
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mean (SEM). Unpaired tests were two-sided

is currently used in intensive care units and provides protective effects
in traumatic brain injury, cardiopulmonary resuscitation, stroke and
various other disorders.3¢ Likewise, mild hypothermia has been pre-
sented as an attractive tool to modulate oxygen metabolism in tumors.
By inducing hypometabolism, the oxygen consumption rate drops,
leading to an improvement in tumor oxygenation and a reduction in
the hypoxic fraction.®” Here, we observed an increased in pO, values
(measured by EPR oximetry) in FSAIl tumors 2 h after the induction
of mild hypothermia. This increase in tumor oxygenation coincided
with a decrease in tumor oxygen consumption (assessed by direct
170 MRS) for mice kept under hypothermic conditions. This suggests
that the increase in tumor oxygenation is more likely to result from a
decrease in oxygen consumption than a decrease in oxygen delivery
induced by hypothermia treatment. These data are consistent with a
previous study indicating the effects of hypothermia on the cerebral
metabolic rate of oxygen (CMRO,) using direct 1”O MRI in rat brain,*®
and validate the ability of direct 7O MRS to assess subtle variations in
O, consumption rate in tumors.

As the knowledge of cancer metabolism has increased, the ability
of cancer cells to remodel biochemical pathways and their amassed
metabolic flexibility have become major features of cancer.®* For a
long time, oxygen consumption had been considered to play a minor
role in tumor metabolism.*® However, recent findings have indicated
the key role of oxidative pathways in cancer for the maintenance of
tumorigenic potential 22>4! Oxygen consumption can also contribute
to the hypoxic microenvironment in tumors.*? Indeed, imbalance
between consumption rates and oxygen delivery will result in tumor
hypoxia and will affect tumor response to therapies. Likewise,
pharmacological modulators of oxygen consumption have been
described to improve tumor oxygenation, leading to the enhancement

of radiotherapy efficacy.*>->° Consequently, there is a critical need for

sensitive methods to measure the oxygen consumption of tumors non-
invasively. Highly sensitive methods have been used to determine
cellular oxygen consumption in vitro.> Several techniques have been
described to assess oxygen consumption in vivo, such as >0 PET,>?
deuterium NMR,>35* 12F MRI,%>>¢ blood oxygenation level-dependent
(BOLD) MRI,>” *3C NMR® or EPR oximetry.>” These approaches
generally lack specificity, do not provide a direct measurement of O,
consumption and cannot always provide quantitative information.
For some of them, a long measurement time and extensive modeling
are required. Nevertheless, they constitute methods of choice for a
better assessment of cell bioenergetics, especially in combination with
robust approaches, such as ’O MRS/MRI. The potential of following
H,'70 by 7O MRS/MRI as a tracer for oxygen consumption has been
explored using different approaches. The detection of H,O
distribution by indirect *H-(*”0) methods,®°¢® exploiting the impact
of Y70 on H relaxation properties, has the advantage to rely on the
high sensitivity of the proton signal and can be applied using conven-
tional MRI scanner systems. However, difficulties in the quantitative
correlation of *H signal changes with H,”O concentration, and the
the
measurements, represent major challenges for the absolute quantifica-

impact of many physiological parameters on indirect
tion of the H,*”O concentration (as reviewed by Zhu and Chen®). On
the contrary, direct O MRS/MRI involves the specific detection of
H,'0 and can detect small dynamic changes in metabolic H,'7O,
especially at high magnetic field,*? but requires dedicated RF coils
and ultra-fast MR sequences. However, this NMR technique provides
a robust, direct, fast and non-invasive way to appraise oxygen
consumption in vivo and could potentially be applied to numerous
tissues.

Recent studies have investigated the use of direct O MRI to

measure oxygen metabolism in tumors.2”?° In the study of Narazaki
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et al.,'? the 70 signal was measured by 10 min of data accumulation
before and 40 min after a brief inhalation of 7O, gas. These authors
identified an increase in the signal intensity in 1O images of tumor-
bearing mice after 17O, gas inhalation. Hoffmann et al.2® recently
attempted to determine CMRO, in a patient with glioblastoma by
70 MRI. Large differences in the signal increase during 7O,
inhalation were obtained for white matter, gray matter and different
tumor areas of the patient. Although these two studies presented the
first attempts to evaluate oxygen consumption in preclinical tumor
models and in a patient with glioblastoma, respectively, the present
study adds to this in several ways. First, we demonstrated the
feasibility of the non-invasive quantification of oxygen consumption
in tumors using direct 7O MRS in vivo. Quantification models have
been developed to determine the oxygen consumption rate in the
brain.2*1> Using an empirical model, we measured the slope during
the linear incorporation phase to assess oxygen consumption. This
model was able to reflect the oxygen consumption rates in our tumor
model and demonstrated adequate reproducibility within groups.
Second, we identified that complex vessel architecture and hemody-
namics in tumors have a major impact on *’O, metabolism and
H,”0O signal evolution. Delayed local H,'”O production could reflect
the delayed arrival of 7O, in the tumor. In addition, a reduced
washout could also explain the absence of the exponential decay rate
during the post-inhalation phase. These results are consistent with
those of Zhu et al.,** who evaluated oxygen metabolism and blood
perfusion in stroke mice. In this study, they also observed that large
reductions in both CMRO, and cerebral blood flow significantly
affected the H,7O signal curve in the brain. Finally, we assessed the
value of the method to highlight differences in the oxygen
consumption rate in tumors. As the technique was able to reveal the
effect of a modulator of tumor oxygenation (hypothermia treatment),
direct 17O MRS could represent a relevant tool for tumor metabolic
profiling in vivo and could potentially be translated to human patients
to guide treatments targeting tumor metabolism.

However, our study presents some limitations that should be
addressed. First, the slope of the H,*”O signal during 7O, inhalation
was used to determine oxygen metabolism in the tumor. This empirical
method was inspired by models originally established to assess
CMRO, in rodent brain. However, the measured H,'”O signal during
170, delivery is a result of both the local generation of H,’O
(produced during local ’O, consumption) and blood recirculation of
H,'70 (generated throughout the body). As the blood flow was not
determined in the current study, this could lead to an overestimation
of the oxygen consumption rate in the tissue. Complete models
previously reported in the literature for CMRO, quantification should
be considered.’*®> Nevertheless, their relevance in tumors should first
be established. The complex tumor vasculature could limit the applica-
bility of these models to assess oxygen consumption in tumors. Sec-
ond, because of the large volume covered by the *H/*”O coil and the
use of a non-localized sequence for the ”O MRS experiments, we can-
not exclude the contamination coming from surrounding tissues also
affected by hypothermia. We estimated a higher signal contribution
from the tumor, but significant impact of the environment has also
been observed (signal ratio of 57% versus 43% from tumor and sur-

rounding tissue, respectively). To evaluate the impact of surrounding

muscle during our measurements, we also assessed the impact of mild
hypothermia in the contralateral leg of tumor-bearing mice. 7O,
metabolism in muscle was slightly affected by hypothermia treatment.
The oxygen consumption rate was only decreased by 7% under hypo-
thermic relative to normothermic conditions (Supporting Information
Figure S1). As a drop of 65% of the oxygen consumption rate was
assessed in tumors, we can assume a limited impact of surrounding
muscle during our measurements. Nevertheless, localized methods
and the application of parametric maps should be preferred to avoid
interference with surrounding tissues and to reveal the metabolic het-
erogeneity in tumors.

In conclusion, our study reveals the emergence of a new field of
application for direct 27O MRS in oncology. The technique reveals
subtle variations in the O, consumption rate in tumors induced by
hypothermic treatment. Therefore, the technique provides a unique
way to study non-invasively in vivo an important aspect of tumor

metabolism and could have a significant impact in oncology research.
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