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Philippe Levêque, PhD,* Bernard Gallez, PhD,*
and Bénédicte F. Jordan, PhD*
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Summary

This study compared R1-
related parameters and R2*
in assessing sensitivity to
changes in tumor oxygena-
tion and evaluated their po-
tential as predictive markers
for the outcome of radiation
therapy (RT) in rat tumor
models. At the intratumoral
level, all magnetic resonance
biomarkers successfully re-
flected the tumor
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Purpose: In an effort to develop noninvasive in vivo methods for mapping tumor oxygen-
ation, magnetic resonance (MR)-derived parameters are being considered, including
global R1, water R1, lipids R1, and R2*. R1 is sensitive to dissolved molecular oxygen,
whereas R2* is sensitive to blood oxygenation, detecting changes in dHb. This work com-
pares global R1, water R1, lipids R1, and R2* with pO2 assessed by electron paramagnetic
resonance (EPR) oximetry, as potential markers of the outcome of radiation therapy (RT).
Methods and Materials: R1, R2*, and EPR were performed on rhabdomyosarcoma and
9L-glioma tumor models, under air and carbogen breathing conditions (95% O2, 5%
CO2). Because the models demonstrated different radiosensitivity properties toward car-
bogen, a growth delay (GD) assay was performed on the rhabdomyosarcoma model and a
tumor control dose 50% (TCD50) was performed on the 9L-glioma model.
Results: Magnetic resonance imaging oxygen-sensitive parameters detected the positive
changes in oxygenation induced by carbogen within tumors. No consistent correlation
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oxygenation changes

induced by carbogen. Yet,
the R1 parameters failed to
predict the curability of a
carbogen-sensitive model in
a tumor control dose 50%
assay, whereas R2* was
found to be correlated with
RT outcome (P<.05).
was seen throughout the study between MR parameters and pO2. Global and lipids R1

were found to be correlated to pO2 in the rhabdomyosarcoma model, whereas R2* was
found to be inversely correlated to pO2 in the 9L-glioma model (PZ.05 and .03). Carbo-
gen increased the TCD50 of 9L-glioma but did not increase the GD of rhabdomyosar-
coma. Only R2* was predictive (P<.05) for the curability of 9L-glioma at 40 Gy, a
dose that showed a difference in response to RT between carbogen and air-breathing
groups. 18F-FAZA positron emission tomography imaging has been shown to be a predic-
tive marker under the same conditions.
Conclusion: This work illustrates the sensitivity of oxygen-sensitive R1 and R2* param-
eters to changes in tumor oxygenation. However, R1 parameters showed limitations in
terms of predicting the outcome of RT in the tumor models studied, whereas R2* was
found to be correlated with the outcome in the responsive model. � 2016 Elsevier Inc.
All rights reserved.
Introduction

Hypoxia is a common feature of solid tumors, which her-
alds a poor prognosis for cancer treatment, especially irra-
diation (1). Studies demonstrate that tumor hypoxia is
highly individual dependent (2). Additionally, tumor hyp-
oxia modification improves the outcome of cancer therapy
and overall survival (2). So, there is a need for a reliable,
robust, and easily conducted method for measuring tumor
oxygenation that could allow radiotherapists to select an
appropriate way to overcome hypoxia. Although many
techniques have been investigated, there is still no available
array of methods for routine practice (3, 4). Imaging allows
repeatable measurements and appears to be an appropriate
technique for assessing oxygenation because hypoxia ex-
tends spatially and temporally. Magnetic resonance imaging
(MRI)-based endogen contrast techniques including R1 and
R2* appear to be promising because MRI is noninvasive and
nonionizing, and it does not require any injection of a re-
porter probe. R1 is sensitive to dissolved molecular oxygen
(5), whereas R2* is sensitive to blood oxygenation, detect-
ing changes in deoxyHb (6). Given that each technique
assesses tumor hypoxia in different compartments, efforts
are being made to combine R1 and R2* to better understand
tissue oxygenation and to make use of the predictive value
of these parameters for tumor response to radiation therapy
(RT) (7, 8). Recently, O’Connor et al, as well as, Dewhirst
and Birer (9, 10) validated oxygen-enhanced MRI (an R1-
based method) for quantifying the spatial variation of
hypoxia with pimonidazole staining in 3 tumor lines with
different hypoxic fractions. In 2013, we proposed an inno-
vative noninvasive MRI R1-based method for measuring
tumor oxygenation. The method, with the acronym MO-
BILE (Mapping of Oxygen By Imaging relaxation
Enhancement), is based on the assessment of lipids R1

instead of global R1 because oxygen is more soluble in
lipids than in water (11). In this context, we expected that
lipids R1 should be more sensitive than global R1 to the
actual change in tumor oxygenation.

Our current work focuses on the assessment of R2* and
R1 MR-derived parameters, including lipids R1, water R1,
global R1, and R2*, as markers of tumor oxygenation and
response to RT. Lipids R1 and water R1 were extracted
using a biexponential deconvolution method (see Methods
and Discussion sections). These MR biomarkers were
compared with electron paramagnetic resonance (EPR)
oximetry, which was used as a reference measurement of
tumor pO2 in vivo (12). MR acquisition was carried out
under normoxic (air) and hyperoxic (carbogen, 95% O2,

5% CO2) conditions to evaluate the sensitivity of these MR
parameters to changes in oxygenation. In addition, tumors
were irradiated with or without hypoxia-driven intervention
(carbogen) to evaluate the relation between RT outcome
and MR parameters. In a previous study, it was determined
by EPR oximetry and PET 18F-FAZA that rhabdomyosar-
coma and 9L-glioma had different hypoxic fractions and,
importantly, that 18F-FAZA was able to predict the
outcome of RT in those models (13). The same protocol
was used in this study to assess the predictivity of nonin-
vasive MR parameters with regard to the outcome of RT.
Methods and Materials

Tumor models

Two tumor models were included in the study: rhabdo-
myosarcoma (nZ32) and 9L-glioma (nZ63). Fragments
from a syngeneic rhabdomyosarcoma (1 mm3) were grafted
subcutaneously in 1 thigh of male adult WAG/Rij rats,
according to a model developed by the Laboratory of
Experimental Radiobiology, Katholieke Universiteit
Leuven, Belgium. 9L-glioma cells were grown in Roswell
Park Memorial Institute (RPMI) medium supplemented
with 10% fetal calf serum (heat inactivated), 1% of a
mixture of antibiotics (penicillin 100 UI/mL, streptomycin
0.1 mg/mL), 1% nonessential amino acids, and 1% sodium
pyruvate. Cells were maintained in a balanced wet atmo-
sphere (37�C and CO2 5%). To establish 9L-glioma tumors
in vivo, male adult Fisher F344 rats were inoculated sub-
cutaneously in their thighs with 5.106 cells. Tumor im-
plantations were performed with the rats under general
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anesthesia with intraperitoneal injection of ketamine and
xylazine (80 and 10 mg/kg, respectively) on rats weighing
between 200 and 250 g. The animals were introduced into
the study when the tumors reached the size of 15 to 20 mm.
Experimental design

The study was approved by the local ethics committee.
Studies were undertaken in accordance with the national
and local regulations of the ethical committee (agreement
number UCL/2010/MD/001).
Rhabdomyosarcoma

Four cohorts were involved. An experiment course of
3 days was designed for the first and second cohorts
(Fig. E4A; available online at www.redjournal.org). For the
first 2 days, animals of these 2 cohorts underwent the same
procedure. Rats were anesthetized with isoflurane 1.5% for
all interventions. Gas delivery (medical air or carbogen
mixed with isoflurane) was continuous at 2 L/min through a
nosepiece. On day 1, animals were subjected to MRI
studies for R1 and R2* measurements. On day 2, tumor pO2

was measured by EPR oximetry. All MR measurements
were conducted under baseline and hyperoxic condition,
which was obtained after 30 minutes of carbogen breathing.
On day 3, rats were divided randomly into 2 subgroups for
irradiation at 20 Gy under either air or carbogen breathing
for growth delay (GD) assay (13). A third nonirradiated
non-MRI control cohort was included. The fourth cohort
was assigned to verify the repetition of tumor oxygenation
over a period of 48 hours (Table E1; available online at
www.redjournal.org). The details of the experimental
design and the number of animals used in each cohort are
presented, respectively, in Figures E4A and E4B (available
online at www.redjournal.org).

At least twice a week, tumor size was assessed by a
caliper and measured as the average of the longest and the
shortest perpendicular diameters until the tumors reached
30 mm. The GD was calculated as the time after irradiation
required for a tumor to grow to 1.5 times D0, the tumor size
at the time of treatment or at the beginning of the follow-up
period (for control animals).
9L-glioma

There were 2 experimental series. For the first series, ani-
mals were randomly divided in 2 groups for baseline and
carbogen challenge. Tumor was subjected to R1 and R2*
acquisition and was then irradiated under the same
breathing condition. In each group of breathing conditions,
animals were randomly allocated in 5 subgroups, with the
irradiation dose ranging from 10 to 60 Gy. For the second
series, the same experiment as in the first and second co-
horts of rhabdomyosarcoma was applied (Fig. E4A;
available online at www.redjournal.org). Animals were
irradiated at 40 Gy on the third day.

Details on numbers of animals can be found in Table E2
(available online at www.redjournal.org). Of note in the
group irradiated at 40 Gy, data included all tumors of the
second series, and those who received 40 Gy of RT in the
first series.

Tumors were followed up until their diameters reached
30 mm. Animals were considered to be cured because there
was no tumor regrowth at day 120 after irradiation. Re-
sponses to RT of 2 series were summed on tumor cure
assay, which is known to be the most relevant assay for
clinical translation.
MR measurements

Magnetic resonance imaging was performed on a 11.7-
Tesla, 16-cm inner diameter bore system (Bruker, Biospec)
with a 7-cm birdcage coil for signal emission and a surface
coil for signal reception. Awarm water blanket was used to
maintain the animal’s temperature at 37�C, and the tem-
perature was monitored with an MR-compatible rectal
probe.

A multislice Rapid Acquisition with Relaxation En-
hancement (RARE) sequence was first used to determine the
most representative tumor slice for further measurement, with
the following parameters: echo time (TE)/Repetition time
(TR)/RARE-factor/field of view (FOV)/matrix size/slice
thickness Z 10.66 ms/2500 ms/6/35 � 35 mm/256 � 256/
1 mm. The segmented IR-FISP sequence (SSFP-FID mode)
was used for R1 acquisition with the following parameters:
TR/TE/FA/BW/FOV/matrix size/slice thickness Z 4 ms/
1.35 ms/10�/100 kHz/55 � 30 mm/100 � 85/1 mm, 4 seg-
ments, 100 TI from 13 ms to 8329 ms every 84 ms, and a
total acquisition time of 20 minutes. Multi-Gradient Echo R2*
images were acquired at TR/FA/slice thickness Z 3000 ms/
15�/1 mm with a FOVof 35� 35 mm on a 256� 256 matrix,
12 echoes from 3.5 ms to 58.5 ms every 5 ms. The total
acquisition time was 9 minutes 36 seconds.

The EPR spectroscopy permitted a direct measurement
of tumor oxygenation through the conversion of EPR
linewidth to pO2 by using a calibration curve (14). The
method of EPR data acquisition has been described else-
where (12). Briefly, charcoal wood powder (CX0670-1, EM
Science, Gibbstown, NJ) was used as an oxygen-sensitive
sensor. About 200 mL charcoal suspension (100 mg/mL)
was introduced within tumor at a depth of 3 to 6 mm using
a 23-gauge needle on day 1, after MRI acquisitions. The
EPR experiments were performed 24 hours after probe
implantation by using an L-band EPR spectrometer (Mag-
nettech, Berlin, Germany) equipped with a low-frequency
microwave bridge operating at 1.2 GHz and a loop-gap
resonator. For that purpose, animals were anesthetized for
EPR measurement. and tumors were placed at the center of
the loop-gap resonator, whose sensitivity extends to 1 cm
around the loop. The modulation frequency was 100 kHz,
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and the amplitude modulation was less than one-third of the
peak-to-peak linewidth to avoid peak distortion. The line-
width of the first derivative EPR spectrum that was the
average of 5 scan accumulations was then converted to pO2

using a calibration curve. After the pO2 value was recorded
under normoxic conditions, the rats were allowed to inhale
carbogen for 30 minutes, and the acquisition was then
repeated to obtain the value of pO2 with the rats under
hyperoxic conditions.

Irradiation

Tumors received a single dose of irradiation delivered by
a 137Cs irradiator IBL-637 (Oris, France). The dose rate
was equal to 1 Gy/min. Animals were anesthetized with
isoflurane 1.5% and were placed on a lead brick 3-mm
thick to protect from whole-body irradiation while the
tumors were exposed through a hole 25 mm in diameter.
Tumors were turned midway through the exposure time
to ensure homogeneity of dose distribution. For the
carbogen group, the animals were allowed to inhale
carbogen at 2 L/min for 5 minutes before and during
irradiation (15).

Data analysis and statistics

Data analysis was performed on an in-house program
developed under ImageJ and MATLAB. R1s and R2* maps
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were calculated with an MRI analysis calculator plug-in in
ImageJ software. This MRI analysis method is adapted
from the original plugin created by Karl Schmidt (http://rsb
.info.nih.gov/ij/). The method use a curve fitting method
based on the Simplex method described Caceci and
Cacheris (16). Lipids R1 and water R1 were extracted from
the global R1 map by a biexponential deconvolution
method. Regions of interest (ROIs) were drawn manually
around the tumor on the selected anatomic slice and were
transferred to all R2* and R1s maps of the same slice. The
subtraction of 2 maps air and carbogen is done pixels par
pixels, resulting in maps of delta.

Normality of the data distribution was checked before
selection of the appropriate statistics using a normal
quantile plot. Statistical significance of changes between
MR parameters before and after carbogen challenge was
assessed with the Student paired t test (Figs. 1 and 2).
Values were expressed as mean � standard equivalent of
the mean or as relative variations.

The linear association between MR parameters and pO2

measured using EPR (Fig. 3) was tested by correlation
analysis. Pearson R coefficient was considered statistically
significant for P<.05.

Response of the rhabdomyosarcoma to 20-Gy irradiation
(GD curves, Fig. 4A) was analyzed with a linear mixed
model. Fixed effects included in the model were the group,
the time, and the interaction between the group and the
time. Random effects included were a random intercept and
a random slope. Linear relation between the GD and MR
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parameters was tested in the rhabdomyosarcoma model by
correlation tests (Fig. 4B-F).

With respect to the TCD50 assay in the 9L-glioma
model, the predictive value of pretreatment (air vs carb-
ogen) MRI (R2*, global R1, water R1, lipids R1) parameters
on RT (40 Gy) treatment outcome was tested by logistic
regression. For MRI parameters, multicollinearity was first
checked. Based on the correlation matrix, global R1 and
lipids R1 were found to be highly correlated. Two different
models were built, 1 including global R1 and 1 including
lipids R1 in the logistic model. The models were validated
with the likelihood-ratio c2 value (model 1, PZ.0036;
model 2, PZ.0032) (Table 1).

In the 9L-glioma group irradiated at 40 Gy, the differ-
ence of MRI parameters between cured and uncured ani-
mals was assessed with the Wilcoxon rank-sum scores
because of a nonnormal distribution of the data.

Optimal sample size was computed by use of nQuery 2.0
with an a of 0.05 and a power of 0.8.

Statistical analyses were performed with the GraphPad
(Prism) program, JMP Pro 12 (SAS Institute, Cary, NC),
and SAS 9.4 for the mixed model.
Results

Representative parametric maps of spatial distribution of
carbogen-induced DR2*, water DR1, lipids DR1, global
DR1, and EPR spectra taken under air and carbogen
breathing conditions in rhabdomyosarcoma and 9L-glioma
are presented in Figure E1 (available online at www
.redjournal.org). All MRI maps show heterogeneity within
tumors in response to carbogen, with a mixture of pixels
sensitive to and refractory to carbogen challenge, similar to
that in the data shown in a recent study assessing R1 in
response to an oxygen challenge (17). In both models,
carbogen generated an increment of pO2 that broadened the
linewidths of EPR spectra.

Figures 1 and 2 present precarbogen and postcarbogen
challenge MR data for 9L-glioma and for rhabdomyosar-
coma, respectively. The purpose was to study the ability of
the breathing treatment to induce changes in oxygenation
and to assess the values of the MR parameters reflecting
this change. Information on the change in MR intrinsic
values for 9L-glioma and rhabdomyosarcoma can be found
in Figures E2 and E3 (available online at www.redjournal
.org).

A rise in pO2 resulted in a larger R1. Global R1 increased
after carbogen from 2.23 � 0.04 s�1 to 2.25 � 0.04 s�1 in
9L-glioma (nZ17, PZ.008) (Fig. 1A) and from
2.14 � 0.02 s�1 to 2.19 � 0.02 s�1 in rhabdomyosarcoma
(nZ22, PZ.002) (Fig. 2A). The response of global R1 to
carbogen breathing was quite similar in both models: 2 9L-
glioma tumors (12%) and 3 rhabdomyosarcoma tumors
(14%) had a negative global DR1 (Figs. 1A and 2A). Water
R1 and lipids R1 demonstrated the same trend. In response
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to carbogen breathing, the water R1 increased from
1.06 � 0.01 s�1 to 1.09 � 0.02 s�1 (PZ.0003) (Fig. 1B)
and from 0.98 � 0.01 s�1 to 1.03 � 0.02 s�1 (PZ.0002)
(Fig. 2B) in 9L-glioma and rhabdomyosarcoma, respec-
tively. We observed an even transition of this parameter
generated by carbogen, whereas 6% of the 9L-glioma (1
tumor) and 9% of the rhabdomyosarcoma (2 tumors) did
not respond to the challenge (Figs. 1B and 2B). The change
was less pronounced for lipids R1. Lipids R1 was,
respectively, 3.54 � 0.06 s�1 (baseline) and
3.56 � 0.05 s�1 (hyperoxic) (PZ.0196) in 9L-glioma
(Fig. 1C) and 3.30 � 0.05 s�1 (baseline), 3.35 � 0.05 s�1

(hyperoxic) (PZ.0051) in rhabdomyosarcoma (Fig. 2C).
Eighteen percent of the 9L-glioma (3 tumors) and 27% of
the rhabdomyosarcoma (6 tumors) did not respond to
carbogen breathing (Figs. 1C and 2C).

When blood oxygenation went up, dHb decreased as an
effect of the increase of HbO2; this led to a decrease in R2*.
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Carbogen reduced R2* in 9L-glioma (nZ17) from
68.72 � 3.30 s�1 to 65.73 � 3.14 s�1 (PZ.01) (Fig. 1D)
and from 82.79 � 2.18 s�1 to 66.44 � 2.63 s�1 (P<.0001)
(Fig. 2D) in rhabdomyosarcoma (nZ22). The R2* alter-
ation showed that both models were responsive to the
carbogen challenge (Figs. 1F and 2F). Three glioma did not
respond to carbogen in terms of R2*, versus 1 rhabdo-
myosarcoma. Interestingly, the tumors that showed a lack
of response in terms of R1 were different from those that
showed a lack of response in terms of R2*.

These MR parameters were compared with the pO2

obtained by EPR. Carbogen breathing increased pO2

from 8.0 � 0.6 mm Hg to 11.4 � 1.1 mm Hg in
9L-glioma (nZ17) (P<.0001) (Fig. 1E) and from
6.7 � 0.4 mm Hg to 8.7 � 0.7 mm Hg in rhabdomyo-
sarcoma (nZ19) (PZ.0008) (Fig. 2E). Whereas the pO2

of all the 9L-glioma increased on hyperoxic challenge
(Fig. 1E), the pO2 of 1 rhabdomyosarcoma decreased
(Fig. 2E). Note that only the pO2 in 9L-glioma increased
beyond 10 mm Hg. Interestingly, changes in R1s and R2*
induced by a rise in pO2, observed here by EPR oximetry,
matched those seen with use of the OxyLite system
(fluorescence-quenching fiberoptic-based method) by
O’Connor et al (10), showing that changes in MRI pa-
rameters are reproducible across different tumor models
and laboratories.



Table 1 Logistic regression and odds ratio

Variable Coefficient (b) Standard error P value Odds ratio 95% Confidence interval

Intercept 43 29 .14 - -
Air/carbogen �2.8 1.27 .0006 270 6.5-5.17 105

R2* (s�1) 0.26 0.14 .0094 1.29 1.05-1.92
Lipids R1 (s�1) �9.8 5.9 .021 5.2 10�5 3.8 10�12 to 3 10�1

Water R1 (s�1) �21.6 19.3 .205 4.3 10�10 2.9 10�33 to 4.4 104

Intercept 34 29 .24 - -
Air/carbogen �2.34 1.11 .002 106 4-6.6 104

R2* (s�1) 0.22 0.12 .012 1.25 1.04-1.76
Global R1 (s�1) �15.7 10.5 .019 1.5 10�7 2.6 10�21 to 0.14
Water R1 (s�1) �10.8 16.2 .48 2.0 10�5 8.33 10�23 to 1.34 108

Above, model includes lipids R1 as explicative variable but not global R1. Below, model includes global R1 but not lipids R1.
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Fig. 5. Tumor cure assay on 9L-glioma 120 days after
irradiation. Abbreviation: Carbo Z carbogen.
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To study the quantitative aspect of MRI biomarkers, we
correlated individual MRI parameters and their corre-
sponding pO2 under distinct breathing conditions (Fig. 3).
As discussed above, an increase in pO2 resulted in a
decrease in R2* and an increase in R1. Thus, theoretically,
we expect a negative slope in pO2-R2* correlation and a
positive slope in pO2-R1 correlation. The correlations were
found to be significant in global R1-pO2 and in lipids R1-
pO2 for rhabdomyosarcoma (PZ.05 and .03, respectively)
(Figs. 3A and 3C) and in R2*-pO2 for 9L-glioma (P<.01)
(Fig. 3H).

Figure 4 presents the GD assay (Fig. 4A) and the cor-
relations between RT responses with different MR pa-
rameters in rhabdomyosarcoma (Fig. 4B-F). The mixed
model analysis did not show any difference between
groups, meaning that carbogen was not able to signifi-
cantly radiosensitize this tumor model, and did show an
influence of time. As R1 becomes larger, tumor oxygen-
ation is higher; thus, a longer GD is expected. In that case,
the slopes correlating R1 and GD should theoretically in-
crease (Fig. 4D-F). For R2* the slope should theoretically
decrease because a shorter R2* corresponds to a higher
oxygen level (Fig. 4C). A similar trend should be observed
for correlation with pO2 (Fig. 4B). Here, only the corre-
lation between lipids R1 and GD was found to be signif-
icant (PZ.03, RZ.49) (Fig. 4F). Note that actual pO2

values also did not correlate with GD and that this might
be due, in part, by the lack of individuals with high pO2

values.
It should be noted that for rhabdomyosarcoma, 22 rats

underwent MRI acquisition. However, the EPR signals of 3
rats were not exploitable. These 22 animals were then
irradiated under either air or carbogen breathing; 3 died
before the TGD experiment ended. Briefly, 17 had com-
plete MRI, TGD, and EPR information; 2 had MRI and
TGD information; 2 had MRI and EPR information; and 1
had only MRI information; this explains the discrepancy in
the number of results in this model.

A TCD50 assay was performed on 9L-glioma. Figure 5
shows the radiation dose-response curves for tumor
curability 120 days after irradiation. Carbogen decreased
the TCD50 from 41.6 Gy in the group irradiated under air
breathing conditions (95% confidence interval, 38.5-
44.6 Gy) to 32.2 Gy in the group irradiated under carbogen
breathing conditions (95% confidence interval, 31.8-
32.6 Gy). The dose-modifying factor DMF50 was 1.29,
obtained by dividing the TCD50 of the group irradiated
under carbogen breathing by that of the radiation-alone
group. Inasmuch as the DMF value was greater than 1,
we conclude that carbogen enhanced the radioresponse of
9L-glioma tumor.

To evaluate the predictivity of MR biomarkers in RT
(40 Gy) outcome, we performed a logistic regression
(Table 1).

The first logistic analysis (using lipids R1, water R1,
R2*, carbogen/air) showed a significant predictive value
for the carbogen pretreatment (PZ.0006) and for R2*
(PZ.009) and lipids R1 (PZ.02). Water R1 was not sig-
nificant (PZ.20). In other terms, the carbogen group was
270 times more likely in terms of odds to have a positive
RT outcome than was the air-treated group (odds ratio
[OR] 270, CI 6-517,155). With regard to MRI parameters,
tumors with a lower R2* were 29% more likely in terms
of odds to have a positive RT outcome (OR per unit 1.29;
CI 1.05-1.92). The odds ratio for lipids R1 was 5.25 10�5

(CI 3.87 10�12-0.30). The odds probability ratio over the
entire range was 830,137 for R2* compared with
0.000128 for lipids R1. The predictive value of R2* is
consequently likely to be of greater interest than that of
lipids R1.
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The second logistic model (using global R1 instead of
lipids R1) showed similar results, confirming the strong
correlation between global R1 and lipids R1 (OR carbogen/
air 106, CI 4-66.448; OR R2* 1.25, CI 1.04-1.76; global R1

1.5 10�7, CI 2.6 10�21-0.14). The predictive value of R2* is
consequently likely to be of greater interest than that of
global R1.

We also compared the MR intrinsic values of cured
(nZ18) and uncured (nZ8) groups irradiated at 40 Gy
(Fig. 6). The data in Figure 6A refer to tumors in the second
series which underwent the EPR measurement (cured
nZ12, uncured nZ5). None of the parameters showed a
significant difference between the cured and uncured
groups, although the actual pO2 values assessed by EPR
oximetry do show that the cured group presented pO2

values around 10 mm Hg, which is the theoretical
radiosensitivity threshold, unlike the uncured group, which
presented values around 8 mm Hg and therefore below this
threshold. It should be noted that the statistical test used
was nonparametric, inasmuch as the distribution was non-
normal. Although robust, this test requires a large sample
size to demonstrate a difference. In this particular case, the
required size sample would be 31 animals per group at a
risk level a of 0.05 and a power of 0.8.
Discussion

This work had 2 goals: (1) to assess the sensitivity of
oxygen-sensitive MR parameters to changes in tumor
oxygenation, including lipids R1, water R1, global R1, and
R2*, in comparison with pO2 assessed by EPR oximetry;
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and (2) to correlate the tumor response to irradiation with
these MR parameters to assess the relevance of each
parameter as a potential predictive marker of the outcome
of RT.

The modulation of tumor oxygenation was achieved by
carbogen (5% CO2 95% O2) breathing. Because many
factors can influence the oxygen modulation capacity of
carbogen, tumors do not respond to this gas systematically.
Thus, we selected tumor models that have previously been
described to respond to carbogen (13). The purposes of
using carbogen were: (1) to improve the understanding of
different MR oxygen-sensitive parameters; and (2) to
interpret these parameters in the context of outcome of RT.

For R1 parameters, we observed that carbogen generated
significant increases in all R1 MR-derived parameters
(global R1, water R1, lipids R1) corresponding to the in-
creases in pO2 assessed by EPR oximetry (Figs. 1 and 2).
Nevertheless, when R1 parameters were compared, the
response of lipids R1 was less pronounced than that of
global or water R1, contrary to our assumption. The lipids
R1 values obtained in this work seemed less sensitive than
those presented in a previous work (11, 18). The discrep-
ancy could be due to different imaging acquisition se-
quences. The earlier work used 2 distinct sequences for
global R1 and lipids R1. However, this sequence worked
only on tumor models with a high amount of lipids (ie,
mammary tumor models). In this study, we used 2 tumor
models with a lower lipid content, and therefore we needed
to adapt the type of acquisition (1 acquisition for global R1,
biexponential deconvolution of the signal to extract fast and
slow components). The fast and slow components are
attributed to lipids and water relaxation (19), but we cannot
exclude a contribution to the fast component from water
linked to macromolecules. In fact, water exists both in
blood and tissue, and water R1 represents the variation of
oxygen in both compartments. However, water may be
present in tissue under multiple states, ranging from un-
bound to partially structured or fully bound to macromol-
ecules. Although these bound water protons are in the
minority, they do have a significant relaxation effect on R1.
Water that forms a hydration layer around macromolecules
has restricted motion. This leads to an increase in R1

because those water protons are involved in interactions
near the Larmor frequency (20, 21). The membrane phos-
pholipids of blood cells barely contribute to the lipids R1

signal because the substance participates only in oxygen
exchange. Consequently, lipids R1 can probably account
only for lipids in tissue. Hence, the results obtained could
be explained by the fact that water R1 reflects the oxygen in
blood and tissue, and lipids R1 focuses mostly on oxygen in
tissues. Inasmuch as global R1 takes account of both fast
and slow relaxation rates, its response is intermediate. In
fact, 2 approaches could be considered to modulate tumor
oxygenation: modification of oxygen consumption or of
oxygen supply. Carbogen could increase the oxygen supply
through arterial blood saturation, but it does not necessarily
produce the same effect on tumor oxygenation. Hence, we
assumed that the sensitivity of lipids R1 depends on the
type of modulation of tumor oxygenation. For a better
understanding of lipids R1 behavior, additional studies
should be performed with pharmacologic agents able to
modulate the oxygen consumption of tumor cells.

With regard to the quantitative aspect of R1s, correla-
tions of global R1 and lipids R1 were significant in the
rhabdomyosarcoma model, which is less responsive to
carbogen (Figs. 3A and 3C) but not in the more carbogen-
responsive 9L-glioma model, where R2* was found to be
significant (Fig. 3H). In healthy mouse brain, Beeman et al
(22) showed that R1 was linearly dependent on pO2

assessed by optical probe, using 3 breathing conditions:
hypoxic gas, 100% O2, and carbogen. In addition, the DR1

of hypoxic gas and carbogen could discriminate between
normal brain, radiation-induced lesions, and tumor lesions.
In a report by O’Connor et al (23), a different approach to
analyzing R1 maps was investigated. Comparing R1 maps
for air breathing and 100% O2 breathing, they hypothesized
that tumor fractions that had R1 refractory to oxygen
challenge (DR1<0) would be a key biomarker of hypoxia,
not DR1 or DR2*. The work provided evidence that the
“oxy refractory fraction” along with DCE MRI was able to
determine the hypoxia fraction in different models.
Furthermore, this parameter was also sensitive to dynamic
changes in tumor oxygenation. That study work also em-
phasizes the potential valued of analyzing intratumor het-
erogeneity (23).

For R2*, the paramagnetic dHb generates a field gradient
that causes an increase in R2* not only in the water of blood
plasma but also in neighboring tissues. Consequently, R2*
drops if the dHb concentration per unit of tissue volume
decreases, either by a reduction of dHb concentration in the
blood or by a decrease in blood volume. In this context,
carbogen generated a decrease in R2* in both tumor
models. These changes result not only from the decrease of
dHb in the blood resulting from the binding of oxygen-
hemoglobin but also from the contribution of other
factors. Some possible changes induced by carbogen that
influence the R2* signal are modification of tumor blood
flow, pH, response of tumor vessels, or tumor blood vol-
ume. Although these effects are minor and are normally
outweighed by the decrease in dHb while breathing carb-
ogen, they still contribute to the change in R2* image in-
tensity. Briefly, R2* represents more than just vessel
oxygenation, and DR2* induced by carbogen reflects both
the hemodynamic and vasoactive response of the tumor to
CO2 in combination with the real change in blood
oxygenation. In this context, R2* was found to be inversely
correlated with pO2 in 9L-glioma (P<.01) (Fig. 3H). In
addition, DR2* in rhabdomyosarcoma (16.34 � 1.59 s�1)
was larger than in 9L-glioma (2.98 � 0.97 s�1), whereas
DpO2 in 9L-glioma (3.5 � 0.5 mm Hg) was more intense
than in rhabdomyosarcoma (2.1 � 0.5 mm Hg). Although
the R2* response is individual dependent, it is interesting to
note that R2* is more sensitive when the basal oxygenation
level is lower (24) (the baseline pO2 of rhabdomyosarcoma
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and 9L-glioma are 6.7 � 0.4 mm Hg and 8.0 � 0.6 mm Hg,
respectively).

Obviously, understanding the mechanisms behind the
responses of MR parameters to the changes in tumor
oxygenation is helpful. But above all, the more fundamental
need in clinical practice is to address the question of
whether these MR methods can predict the outcome of ra-
diation therapy. In both models, carbogen induced signifi-
cant changes in all MRI parameters, reflecting an increase in
tumor oxygenation. These modifications were confirmed by
pO2 assessed by EPR. However, irradiation under carbogen
breathing conditions significantly increased the survival of
9L-glioma but not of rhabdomyosarcoma. This established a
paradigmatic situation with 1 responsive and 1 unresponsive
model. With respect to the distinct radiosensitive properties
of the 2 tumor models, we conducted a GD assay on the
rhabdomyosarcoma model and a more clinically relevant
TCD50 assay on the 9L-glioma model.

The GD was performed at 20 Gy. Indeed, in a preceding
study (13), the RT dose escalation from 15 Gy to 20 Gy
significantly increased the response to irradiation in rhab-
domyosarcoma. Yet, there was no benefit of carbogen on
RT response between animals irradiated under air versus
carbogen breathing conditions. Thus, we decided to remain
at this dose rate to further correlate the GD and MR pa-
rameters. Lipids R1 was correlated with the GD in rhab-
domyosarcoma (Fig. 4F). A lack of correlation between GD
and pO2 was observed, which could be due to the lack of
radiosensitive individuals (pO2 >10 mm Hg) in this cor-
relation (Fig. 4B).

In 9L-glioma, the more clinically relevant TCD50 assay
confirmed the radiosensitizing properties of carbogen in
this model. We selected the dose of 40 Gy to assess the
predictivity of intrinsic MRI parameters because we
observed a clear difference in response to irradiation be-
tween the 2 groups (carbogen vs air breathing). R2* alone
was likely to be predictive for the curability of 9L-glioma
in this assay, whereas all R1-related parameters failed to
predict RT outcome.

Briefly, the R1s and R2* could tackle the individual
change in tumor oxygenation induced by carbogen
breathing. Yet, only R2* was likely to predict the outcome
of RT in 9L-glioma (tumors with a lower R2* were 29%
more likely to have a positive RT outcome), whereas 18F-
FAZA was shown earlier to be able to robustly predict the
outcome of RT with a similar protocol. A possible expla-
nation is the high heterogeneity between and within in-
dividuals (Fig. E1; available online at www.redjournal.org)
and the influence of bound water on the long R1 compo-
nent. Nonetheless, the combination of R2* and R1 param-
eters should be further characterized in tumor models that
are still more responsive to carbogen breathing and with
other modulators of tumor oxygenation, including in-
hibitors of oxygen consumption. Alternative methods to
extract R1 of lipids should also be considered.

With respect to the translational aspect of the tech-
niques, R2* and R1 have been applied to multiple patient
studies at 1.5 T for R2* (25, 26) and for R1 (5), and 3T for
R2* (27) and for R1 (28), which shows that these techniques
can translate across multiple body sites and tumor types. A
higher sensitivity of R1 and a lower sensitivity of R2* can
be expected at lower magnetic fields than the 11.7 T used in
the current study, yet more adapted to small animal studies.

In conclusion, this work illustrates the sensitivity of R1

oxygen-sensitive MR parameters to changes in tumor
oxygenation but shows their limitations in terms of pre-
dicting the outcome of RT in the tumor models under study,
whereas R2* was found to be partially correlated with the
outcome in the carbogen responsive model. In line with the
recent comment by Dewhirst and Birer (9) on oxygen-
enhanced MRI, additional studies are needed to further
validate MRI parameters for future patient stratification for
hypoxia modification.
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