
A New EPR Oximetry Protocol to Estimate the Tissue Oxygen
Consumption In Vivo

Caroline Diepart, Bénédicte F. Jordan and Bernard Gallez1

Laboratory of Biomedical Magnetic Resonance, Université catholique de Louvain, B-1200 Brussels, Belgium
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The oxygen consumption rate in tumors affects tumor
oxygenation and response to therapies. A new EPR method
was developed to measure tissue oxygen consumption non-
invasively. The protocol was based on the measurement of pO2

during a carbogen challenge. The following sequence was used:
(1) basal value during air breathing; (2) saturation of tissue with
oxygen by carbogen breathing; (3) switch back to air breathing.
The assumption was that the kinetics of the return to the basal
value after oxygen saturation would be governed mainly by
tissue oxygen consumption. This challenge was applied in
hyperthyroid mice (generated by chronic treatment with L-
thyroxine) and control mice because hyperthyroidism is known
to dramatically affect the oxygen consumption rate of tumor and
muscle cells. Muscle and tumor cells from the hyperthyroid mice
consumed oxygen faster than muscle and tumor cells from the
control mice, which is consistent with the results of in vitro
studies. Tumor perfusion was not affected by the treatment with
L-thyroxine. This method gives an index that may reasonably be
ascribed to the local oxygen consumption and has the unique
advantage of being adaptable to in vivo studies. g 2009 by Radiation

Research Society

INTRODUCTION

The partial pressure of oxygen (pO2) is a crucial factor
that affects the response of tumors to radiation and
other cytotoxic treatments. Over the past decade, clinical
studies using oxygen microelectrodes have demonstrated
the potential value of measuring pO2 in tumors to
determine the probability of response to conventional
radiation therapy. Several studies have shown improved
outcomes for cancer patients whose tumors have smaller
hypoxic fractions. Tumor hypoxia also promotes me-
tastasis, selects cells with malignant phenotypes, and
promotes angiogenesis (1).

Tumor oxygenation depends on a balance between
oxygen supply and consumption, and both should be
considered in developing strategies to reduce tumor
hypoxia. A number of strategies have been considered
in an effort to improve tumor oxygenation during
radiation treatment, with the goal of increasing tumor
sensitivity to radiation. Theoretical simulation of oxygen
transport to tumors (2) suggests that decreasing the
oxygen consumption rate of tumor tissue could be a
particularly effective strategy to reduce the fraction of
hypoxic tissue in solid tumors. Several drugs that inhibit
cellular oxygen consumption have been characterized for
their potential to increase tumor oxygenation and thereby
enhance radiosensitivity. Meta-iodobenzylguanidine (3),
insulin (4), anti-inflammatory drugs (5), corticoids (6),
some antagonists of vascular endothelial growth factor
(VEGF, SU5416) (7), and anti-thyroid hormones (8) all
modify the rate of oxygen consumption by tumor cells.
Other means to reduce oxygen consumption have also
been proposed, including using the Crabtree effect
through administration of glucose (9) and decreasing
local tumor temperature to less than 25uC (10).

There are a number of useful methods for measuring
pO2 or [O2] in vivo (11, 12), but methods to measure the
tissue oxygen consumption rate are limited. Electron
paramagnetic resonance (EPR) can measure oxygen
consumption in vitro and ex vivo. The method is based
on the variation of the line width of a paramagnetic
material in the presence of consuming cells in a closed
system. Because there is a relationship between the line
width and the pO2, the effects of treatments on the
tumor cell oxygen consumption rate can be measured
(4). Positron emission tomography (PET) allows in vivo
measurements and quantification of physiological pro-
cesses using short-lived positron-emitting radiopharma-
ceuticals. The PET technique enables measurement of
cerebral oxygen consumption using a short inhalation of
[15O]-O2 (13); however, this method cannot be applied in
tissues with disorganized vascular architecture, such as
tumors. Only one method can measure the oxygen
consumption rate of tumor cells in vivo (14). Dewhirst et
al. reported determinations of the oxygen consumption
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rate in microscopic tumor regions bound by microves-
sels. Profiles of tissue pO2 were measured along lines
crossing the regions using oxygen microelectrodes.
Theoretical simulations of the oxygen diffusion in the
regions were made, and consumption rates were
estimated for the best fit between measured and
simulated values (14). However, such electrodes are
difficult to use, involve a significant degree of invasive-
ness, and cannot be used for repeated measurements.

In vivo EPR oximetry presents some advantages that
make the technique a tool of choice to monitor tissue
oxygenation: non-invasiveness, repeatability, sensitivity at
low pO2, localized measurements, little or no toxicity, and
ability to make several measurements simultaneously (15).
Here we developed a new in vivo EPR method that can
estimate tissue oxygen consumption non-invasively. For
this purpose, we designed a protocol where pO2 was
monitored in the tissue of interest during a breathing
challenge. During carbogen breathing, local pO2 increases
progressively. When breathing is switched back to air, pO2

returns to its basal values. Our hypothesis was that the
return kinetics could be influenced by the local oxygen
consumption. As proof of concept, we applied this
protocol in muscle and tumor tissues in hyperthyroid
mice and control mice. Hyperthyroidism was induced by
chronic treatment with L-thyroxine; this treatment is
known to dramatically affect the oxygen consumption
rate of muscle and tumor cells (8, 16).

MATERIALS AND METHODS

Tumor Model

A transplantable mouse liver tumor (TLT) model was implanted in
the legs of NMRI mice. The measurements were performed when the
tumor reached 8.0 ± 1.0 mm. All animal experiments were conducted
in accordance with national animal care regulations.

Treatments

Mice were treated with L-thyroxine (0.003%) in drinking water for 3
weeks. Animals were anesthetized by inhalation of isoflurane mixed
with 21% oxygen in a continuous flow, delivered by a nose cone.
Induction of anesthesia was performed using 3% isoflurane;
isoflurane was then stabilized at 1.8% for a minimum of 15 min
before any measurement.

In Vivo Evaluation of Tissue Oxygenation and Oxygen Consumption

EPR oximetry using charcoal (CX 0670-1; EM Sciences, Gibbs-
town, NJ) as the oxygen-sensitive probe was used to evaluate changes
in tumor oxygenation, using a protocol described previously (17).
EPR spectra were recorded using an EPR spectrometer (Magnettech,
Berlin, Germany) with a low-frequency microwave bridge operating
at 1.2 GHz and an extended loop resonator. A suspension of charcoal
was injected in the center of the tumor and in the muscle (100 mg/ml;
70 ml injected, particle size of 1–25 mm). Charcoal particles were used
because of their metabolic stability and their high sensitivity to subtle
changes in tissue oxygenation. The localized EPR measurements
correspond to an average of the pO2 values in a volume of ,10 mm3

(17). The protocol to measure oxygen consumption was performed as
follows: When three similar measurements had been obtained under

air-breathing conditions, the breathing gas was switched to carbogen.
Carbogen breathing was maintained until the local pO2 reached a
maximum (plateau of at least three similar measurements). The gas
was then switched back to air and measurements were made until the
pO2 returned to its basal values. Measurements were performed at 5-
min intervals during the first part of the experiment (before switching
back to air) and at 2- to 4-min intervals during the second part of the
experiment. The return kinetics (D pO2 as a function of time, after
switching back to air breathing) wass measured by a monoexponen-
tial fitting. We also performed an additional experiment in which
blood flow to the hind limb was stopped by ligation of the leg after
carbogen breathing. The ligation was performed when we obtained
the maximal pO2 after carbogen breathing. Immediately after the
ligation, the pO2 was measured over time. A blue hind limb indicated
the success of the clamping. The technique of clamping has been used
and validated in experiments with radiation in our laboratory (8). In
the present experiment, the mean pO2 measured in tumors before
carbogen breathing was 2.9 ± 0.2 mmHg, and the pO2 measured after
clamping was 0.5 ± 0.1 mmHg.

Patent Blue Staining

Patent Blue (Sigma-Aldrich) was used to obtain a rough estimate of
the TLT tumor perfusion after treatment with L-thyroxine. This
technique involves the injection of 200 ml of Patent Blue solution
(1.25%) into the tail vein of the mice. After 1 min, a uniform
distribution of the staining through the body was obtained, and mice
were killed humanely. Tumors were carefully excised and cut in two
size-matched halves. Pictures of each tumor cross section were taken
with a digital camera. To compare the stained and unstained areas, an
in-house program running on IDL (Interactive Data Language, RSI,
Boulder, CO) was used. For each tumor, a region of interest (stained
area) was defined on the two pictures, and the percentage of stained
area in the whole cross section was determined. The mean of the
percentage of the two pictures was then calculated and used as an
indicator of tumor perfusion.

RESULTS

Thyroid status influences the oxygen consumption
rate of tumor cells (8). Tumor cells extracted from
control mice consumed oxygen more slowly than tumor
cells extracted from hyperthyroid mice. The mean slopes
were 21.41 ± 0.11 mM/min (n 5 11) and 21.91 ±

0.15 mM/min (n 5 9), respectively (8), and were
significantly different from each other (Student’s t test,
P , 0.05). Measurements in isolated muscle cells using
this protocol were not possible due to difficulties in
dissociating the muscle structure rapidly.

Typical evolutions of pO2 during the breathing
challenge are shown in Fig. 1. The first arrow corre-
sponds to the start of the carbogen challenge. The
second arrow corresponds to the time when carbogen
was switched back to air. Measurements of the evolution
of pO2 in the tumors are shown in the top panels
(Fig. 1A and B, for control and hyperthyroid mice,
respectively), while experiments in muscles are shown in
the bottom panels (Fig. 1C and D, for control and
hyperthyroid mice, respectively). In this figure, it can be
seen that (1) the kinetics of the return to basal values
was faster in hyperthyroid mice than in control mice and
(2) the kinetics of the return to basal values was faster in
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tumors than in muscle. Only a few data points were
measurable when the return kinetics was rapid, as
observed in hyperthyroid mice (Fig. 1B and D). The
maximal pO2 reached after carbogen breathing was
lower in hyperthyroid mice than in the control group (84
± 48.6 mmHg and 123 ± 38 mmHg, respectively). This
is consistent with the rapid oxygen consumption by the
tissues in hyperthyroid mice. It should be noted that the
extent of increase in pO2 was variable from one mouse to
another, especially in tumors. However, the return
kinetics was reproducible within groups when the results
were expressed as a percentage of the maximal pO2

reached after carbogen breathing. This is illustrated in
Fig. 2 for tumor experiments carried out in hyperthyroid
and control mice. The difference between return kinetics
observed for tumors in control mice and in hyperthyroid
mice is illustrated in Fig. 2A and B (log plot), and
individual evolutions of pO2 are presented in Fig. 2C
(control mice) and D (hyperthyroid mice). These graphs
illustrate that the measurements were reasonably repro-
ducible within a group and that the return kinetics was
systematically faster for hyperthyroid mice (most data
points are below 25% of the maximal pO2 value after
10 min, in contrast to control mice; Fig. 2C and D). The
return kinetics measured in muscles of control and
hyperthyroid mice is presented in Fig. 3A (normal plot)
and B (log plot).

Quantitative estimation of the return kinetics was
carried out using a monoexponential curve, because this
estimation fitted the experimental data well. The
constants of the kinetics (k expressed as min21) are
presented in Fig. 4. Thyroid status significantly modi-
fied the constants of the kinetics. The constants for
hyperthyroid mice were higher than those for control
mice for both tumors and muscles. The k values in
tumors were 0.13 ± 0.01 min21 (mean ± standard error,
n 5 7) and 0.18 ± 0.01 min21 (mean ± standard error, n
5 8) in control and hyperthyroid mice, respectively; this
difference was significant (Student’s t test, P , 0.05).
The k values in muscles were 0.09 ± 0.01 min21 (mean ±

standard error, n 5 11) and 0.18 ± 0.02 min21 (mean ±

standard error, n 5 13) in control and hyperthyroid
mice, respectively; this difference was highly significant
(P , 0.001). The constants of the kinetics were greater
(P , 0.05) in tumors from euthyroid mice than in
muscles. However, there were no statistically significant
differences between the constants of the kinetics for
tumors and muscles in the hyperthyroid mice. To
measure oxygen consumption without the potential
confounding factors of variability in perfusion and
vascular pO2, we performed an additional experiment
consisting of clamping the blood flow to the hind limb
after carbogen breathing. The constants after clamping
were not significantly different from those in the

FIG. 1. Evolution of the pO2 during breathing challenge in tumor and muscle of hyperthyroid and control mice.
The measurements were carried out using an EPR spectrometer operating at 1.2 GHz, using charcoal particles as
oxygen sensors. First arrow: air switched to carbogen; Second arrow: carbogen switched to air. Upper panels:
Typical evolution of pO2 during the breathing challenge in tumors of a control (panel A) and a hyperthyroid (panel
B) mouse. Bottom panels: Typical evolution of pO2 during the breathing challenge in muscle of a control (panel C)
and a hyperthyroid (panel D) mouse. The measurements were done using charcoal in mice at L-band.
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previous experiment (without clamping). The k values
were 0.14 ± 0.02 min21 (mean ± standard error, n 5 5)
and 0.22 ± 0.02 min21 (mean ± standard error, n 5 8) in
control and hyperthyroid mice, respectively.

The effect of L-thyroxine treatment on the tumor
blood perfusion was estimated using the colored area
observed in tumors 1 min after i.v. injection of Patent
Blue (Fig. 5). This method has been validated previously
by our group and compared with DCE-MRI data (6, 7,
20). No difference was observed between control mice
and hyperthyroid mice [71.5 ± 2.7% (n 5 10) and 70.0 ±

3.5% (n 5 12), respectively, Student’s t test].

DISCUSSION

Tissue oxygen consumption is a key factor in
physiology and physiopathology. Modulating tissue
oxygen consumption (for example, by hibernation) is
an essential part of therapeutic strategy in intensive care
medicine and in organ transplantation. In oncology, it
has been predicted (3) and verified experimentally (5, 6,
8) that modification of oxygen consumption is more
efficient at correcting tumor hypoxia than modification
of oxygen delivery. Although oxygen consumption is
thus very important, limited non-invasive methods are
available to measure it. In this study, we attempted to

develop a new method that can highlight differences in
oxygen consumption by different tissues. The use of
normal and hyperthyroid mice provided ideal models of
tissues with different oxygen consumption rates. First it
was confirmed ex vivo that treatment with L-thyroxine
did change tumor oxygen consumption. The oxygen
consumption rate was shown to be significantly en-
hanced in hyperthyroid mice compared to control mice
(8). Remarkably, this difference in the oxygen consump-
tion rate was correlated with higher constants of the
kinetics, reflecting the rapidity of the return of
oxygenation to basal values after presaturation with
oxygen (Fig. 4). It is also important to note that the
perfusion of the tissues was not affected by the L-
thyroxin treatment (Fig. 5). It has also been shown that
perfusion of tumors remains unchanged during carbo-
gen breathing (18, 19). Thus the perfusion is not
responsible for the change in return kinetics, and local
oxygen consumption is likely the main factor responsible
for this return to initial oxygenation levels. The
clamping experiment definitely confirms that our
technique is measuring the oxygen consumption of
tumor cells without any major influence of confounding
factors such as perfusion and vascular pO2. Interesting-
ly, the constants of kinetics for euthyroid mice were
higher in tumors than in muscles (Fig. 4). It is well

FIG. 2. Return kinetics after carbogen breathing measured in tumors of control (CTRL) and hyperthyroid
mice. The results are expressed as a percentage of the maximal pO2 reached after carbogen breathing (mean ±

standard error). Panel A: Normal plot; panel B: log plot; panel C: individual measurements obtained in tumors
from control mice; panel D: individual measurements obtained in tumors from hyperthyroid mice.
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known that the high rate of tumor cell proliferation and
metabolism present in tumors increases oxygen con-
sumption by tumor tissues. However, careful interpre-
tation of the results is important in this case since we are
comparing two different tissues with different perfusion
rates (i.e., oxygen will be refreshed faster in muscle than
in tumor). Perfusion can be a confounding factor when
comparing results from poorly and highly perfused
tissues. This problem is not present when we study the
effect of a treatment on a single tissue. Also, we showed
by our clamping experiments that measurements on
tumors are not influenced by such a factor, probably
because tumors already have very low perfusion rates.
Although the experiments were carried out in two tissues
that are physiologically and morphologically very

different, the results obtained are in agreement with
the known oxygen consumption rates for hyper- and
euthyroid mice. The variability of response after
carbogen breathing can be explained by the fact that
EPR oximetry is measuring a single point (mean value of
,10 mm3) in the tumor. Some highly responding regions
(such as in the periphery of the tumor) can dramatically
influence the mean value. This could be addressed by
developing a method to obtain parametric maps of
oxygen consumption to be able to probe the heteroge-
neity of response (see below).

It should be emphasized that our method does not
provide a quantitative absolute value of oxygen con-

FIG. 3. Return kinetics after carbogen breathing measured in
muscles of control (CTRL) and hyperthyroid mice. The results are
expressed as a percentage of the maximal pO2 reached after carbogen
breathing (mean ± SEM). Panel A: Normal plot; panel B: log plot.

FIG. 4. Constants of kinetics measured in tumor and muscle in
vivo. *P , 0.05; **P , 0.01. C: Control, T: thyroxine. The constants
measured in tumors and muscles from hyperthyroid mice were higher
than in control mice. In euthyroid mice, the constants were higher in
tumors than in muscles. In hyperthyroid mice, there was no
significant difference between the constants for tumors and muscles.

FIG. 5. Perfusion assessed in TLT tumors by the Patent Blue
staining technique. No significant difference was observed between
control and hyperthyroid mice.
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sumption (for example, in terms of mmol of oxygen
consumed by millions of cells and per unit of time).
Rather, it gives an index that may reasonably be
ascribed to the local oxygen consumption. Such a
qualitative parameter is also used in in vivo EPR to
estimate the redox status of a tissue by measuring the
kinetics of reduction of nitroxide in tissues (21, 22). There
are several potential applications of the present work.
First, this method should be considered for evaluating in
vivo the efficacy of different modifiers of oxygen
consumption or inhibitors of respiration. Second, the
protocol could be transferred to other imaging modalities
that are able to visualize oxygen in tissues, such as EPR
imaging and 19F NMR imaging, to provide parametric
maps reflecting oxygen consumption. Finally, the possi-
bility that EPR may be used in humans in the near future
is another reason to pay more attention to this technique
(23). It should be noted that the carbogen challenge is
already being used in the first clinical EPR studies, and
our technique to measure oxygen consumption in vivo
could be an important tool for use in human subjects.
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