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Hypoxia is a crucial factor in cancer therapy, determining prognosis and the effective-

ness of treatment. Although efforts are being made to develop methods for assessing

tumor hypoxia, no markers of hypoxia are currently used in routine clinical practice.

Recently, we showed that the combined endogenous MR biomarkers, R1 and R2*,

which are sensitive to [dissolved O2] and [dHb], respectively, were able to detect

changes in tumor oxygenation induced by a hyperoxic breathing challenge. In this

study, we further validated the ability of the combined MR biomarkers to assess

the change in tumor oxygenation induced by an allosteric effector of hemoglobin,

myo‐inositol trispyrophosphate (ITPP), on rat tumor models. ITPP induced an increase

in tumor pO2, as observed using L‐band electron paramagnetic resonance oximetry,

as well as an increase in both R1 and R2* MR parameters. The increase in R1 indicated

an increase in [O2], whereas the increase in R2* resulted from an increase in O2

release from blood, inducing an increase in [dHb]. The impact of ITPP was then eval-

uated on factors that can influence tumor oxygenation, including tumor perfusion,

saturation rate of hemoglobin, blood pH and oxygen consumption rate (OCR). ITPP

decreased blood [HbO2] and significantly increased blood acidity, which is also a fac-

tor that right‐shifts the oxygen dissociation curve. No change in tumor perfusion was

observed after ITPP treatment. Interestingly, ITPP decreased OCR in both tumor cell

lines. In conclusion, ITPP increased tumor pO2 via a combined mechanism involving a

decrease in OCR and an allosteric effect on hemoglobin that was further enhanced by

a decrease in blood pH. MR biomarkers could assess the change in tumor oxygena-

tion induced by ITPP. At the intra‐tumoral level, a majority of tumor voxels were

responsive to ITPP treatment in both of the models studied.
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1 | INTRODUCTION

Hypoxia is a common situation occurring in solid tumors. A reduction in tumor oxygenation is the result of an insufficient oxygen supply and the

increasing oxygen demand of tumor cells. Hypoxia is known to be a factor that can contribute to the failure of cancer treatment as well as to

tumor recurrence.1 One attractive strategy to improve the effectiveness of radiation therapy is to decrease hypoxia at the time of irradiation.

A meta‐analysis of over 10 000 patients from 86 randomized trials showed that modifying tumor hypoxia improved the outcome of patients

treated with radiation therapy with an odds ratio of 0.77.2 However, such an intervention only produced a modest benefit, as screening for

the presence of hypoxia had not been an entry criterion prior to hypoxia modification in these trials. A better treatment response was observed

in trials in which hypoxia was identified in tumors prior to irradiation. Thus, there is a growing need to detect hypoxic tumors and patients who

could benefit from hypoxia modification. Various techniques have been developed to quantify tumor oxygenation, including 19F‐MRI of perfluo-

rocarbon,3 electron paramagnetic resonance (EPR) oximetry,4 1H‐MRI of hexamethyldisiloxane PISTOL,5 PET imaging of nitroimidazoles,6 19F

MRI/MRS of fluorinated nitroimidazoles,7 polarographic needle electrodes8 and fiber optic probes.9 However, so far no standard method has

become available for routine clinical practice, as none of these techniques are currently able to address all of the practical challenges, such as

noninvasiveness, tumor accessibility, or spatial and temporal resolutions.

Among the various oximetric techniques, imaging is regarded as an appropriate method for hypoxia detection because it is adapted to two

observable features of hypoxia: spatial and temporal variations in oxygenation.10 In order for an imaging technique to be adopted in routine oncol-

ogy practice, a number of requirements need to be met, such as noninvasiveness, the possibility of repeated measurements, high spatial and tem-

poral resolution, cost‐effectiveness, robustness and easy translation to human trials.10 One potential method to evaluate tumor hypoxia consists

of the assessment of the oxygen‐sensitive endogenous MR contrast parameters, R1 and R2*, which fulfills most of these criteria. Both MR bio-

markers are sensitive to the change in pO2, but reflect distinct features. The dissolved paramagnetic molecular oxygen in tissue fluid and in blood

plasma increases the spin lattice relaxation rate R1 via dipolar interaction. Meanwhile, the effective spin–spin relaxation rate R2* is accelerated by

an increase in paramagnetic deoxyhemoglobin. Because dissolved O2 is mainly present in tissue while dHb exists only in blood vessels, R1 primarily

reflects tissue oxygenation while R2* is more sensitive to changes in blood oxygenation.10-14

One drawback of R1 is its low sensitivity. Starting from the fact that the solubility of oxygen is better in lipids than in water, our group previ-

ously assessed the signal of R1 of lipid protons (R1L) instead of the global R1 (R1G) (which mostly reflects the signal of water protons [R1W]),

expecting that it should be more sensitive to the changes in pO2.
15,16

It should be noted that a change in tumor pO2 is the additive result of multifactorial processes within the tumor. Each technique can only pro-

vide information about one or more facets of the overall change in the tumor microenvironment. Thus, there is an interest in combining multiple

parameters to expand the understanding and assessment of tumor hemodynamics, which are essential for personalized treatment. In a previous

study, we combined R1 and R2* to evaluate the changes in tumor pO2 induced by a hyperoxic gas breathing challenge.14

The aim of the current study was to further validate the combined endogenous MRI contrast parameters R1 (including R1G, R1W and R1L) and

R2* to assess the change in tumor oxygenation. For this purpose, we used another oxygen modifier, with a different mechanism of action from the

hyperoxic gas breathing challenge. Tumor pO2 can be improved by manipulating the oxygen unloading capacity of blood. The allosteric effector of

hemoglobin promotes the dissociation of oxygen from hemoglobin by right‐shifting the oxygen dissociation curve, thus increasing tumor oxygen-

ation. Compounds under clinical investigation such as OXY111A (myo‐inositol trispyrophosphate [ITPP]) (http://normoxys.com/clinical‐trial‐

results/) and Efaproxiral17 were well tolerated and induced an increase in partial pressure of oxygen in preclinical models. Efaproxiral has reached

phase III in patients with brain metastases from breast cancer. However, no significant improvement in overall survival has been observed using

the combination of Efaproxiral and whole brain radiation therapy.18 In this context, we chose ITPP to induce change in tumor pO2 .
19-21 The com-

pound has been found to decrease hypoxia and improve tumor outcome in various animal models when used as a monotherapy or combined with

chemotherapy.22-24 The phase I clinical investigation showed a good tolerance of patients to ITPP.19
2 | MATERIALS AND METHODS

The study was approved by the local ethics committee. Studies were undertaken in accordance with the national and local regulations of the ethics

committee (agreement number UCL/2014/MD/026).
2.1 | Tumor models

Two tumor models were included in the study: rhabdomyosarcoma and 9 L‐glioma. Rhabdomyosarcoma cells were grown in Roswell Park Memo-

rial Institute (RPMI) medium supplemented with 10% fetal calf serum (heat inactivated), and a 1% mixture of antibiotics (penicillin 100 UI/mL,

streptomycin 0.1 mg/mL) for in vitro experimentation. For in vivo study, fragments from a syngeneic rhabdomyosarcoma (1 mm3) were grafted

subcutaneously into one thigh of male adult WAG/Rij rats. The model was developed by the Laboratory of Experimental Radiobiology, Katholieke

http://normoxys.com/clinical-trial-results/
http://normoxys.com/clinical-trial-results/
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Universiteit Leuven, Belgium. 9 L‐glioma cells were grown in RPMI medium supplemented with 10% fetal calf serum (heat inactivated), a 1% mix-

ture of antibiotics (penicillin 100 UI/mL, streptomycin 0.1 mg/mL), 1% nonessential amino acids and 1% sodium pyruvate. To establish 9 L‐glioma

tumors in vivo, male adult Fisher F344 rats were inoculated subcutaneously in their thighs with 5 x 106 cells. Tumor implantations were performed

on the rats under general anesthesia with intraperitoneal (IP) 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.

2.2 | ITPP treatment

ITPP was generously provided by NormOxys Inc. (Boston, MA). For in vivo study, ITPP was prepared at a concentration of 200 mg/mL in saline for

IP injection at a dose of 2 g/kg. For in vitro study, adherent cells were treated with medium containing 10mM ITPP. The effect of ITPP was studied

after 2 hours of treatment.

2.3 | In vivo experimental design

Four cohorts were involved:

• Tumor pO2 was measured on nine rhabdomyosarcomas and 10 9 L‐gliomas.

• The MRI measurements were performed on eight rhabdomyosarcomas and nine 9 L‐gliomas.

• The blood gas test for the measurement of the saturation of hemoglobin and of blood pH was performed on five healthy Fischer rats.

• 20 rhabdomyosarcomas and 14 9 L‐gliomas were used for the measurement of the perfused area by the Patent Blue staining method.

For tumor pO2 and perfusion measurement studies, animals were allocated to two groups: vehicle (NaCl 0.9%) and ITPP. For MRI and blood gas

test studies, animals were measured at two time points: before and 2 hours after ITPP treatment.

2.4 | L‐band EPR oximetry

L‐band EPR spectroscopy allowed the direct measurement of tumor oxygenation through the conversion of EPR linewidth to pO2 using a calibra-

tion curve.25 Briefly, charcoal wood powder (CX0670–1, EM Science, Gibbstown, NJ) was used as an oxygen‐sensitive sensor. About 200 μL of

charcoal suspension (100 mg/mL) was introduced within the tumor at a depth of 3–6 mm using a 23‐gauge needle. EPR experiments were per-

formed 24 hours after probe implantation using an L‐band EPR spectrometer (Magnettech, Berlin, Germany) equipped with a low‐frequency

microwave bridge operating at 1.2 GHz and a loop‐gap resonator. The animals were anesthetized (1.5% isoflurane, 2 L/min) for EPR measurement

and the tumors were placed at the center of the loop‐gap resonator, whose sensitivity extended to 1 cm around the loop. The modulation fre-

quency was 100 kHz and the amplitude modulation was less than one third of the peak‐to‐peak linewidth to avoid peak distortion. The linewidth

of the first‐derivative EPR spectrum that was the average of five scan accumulations was then converted to pO2 using a calibration curve. After

the baseline pO2 value had been recorded, the animals were treated with ITPP (six 9 L‐gliomas, three rhabdomyosarcomas) or NaCl 0.9% (four 9 L‐

gliomas, six rhabdomyosarcomas) and image acquisition was then repeated after 2 hours of administration.

2.5 | Blood gas test

Venous blood samples were taken from the animals at two time points: before and 2 hours after ITPP administration. The rats were anesthetized

with 1.5% isoflurane during blood sampling. Gas delivery (medical air containing 21% O2 mixed with isoflurane) was continuous at 2 L/min through

a nosepiece. About 1 mL of blood was drawn from the lateral tail vein to a special blood test syringe (safePICO Aspirator, Radiometer Medical,

Denmark). The gas bubble was removed and the blood was kept from exposure to the external air thanks to a special cap. The sample was mixed

with heparin present in the syringe to reduce the risk of clots. Blood samples were analyzed by an ABL901 analyzer (Radiometer, Denmark) within

1 hour after sampling.

2.6 | MRI study

The rats were anesthetized with 1.5% isoflurane (2 L/min) during the MRI experiments. MRI measurements were made before and 2 hours after

ITPP administration.

In order to compare the effect of ITPP treatment on the voxel scale, the animals were monitored longitudinally over time to acquire individual

data in the pretreatment and posttreatment conditions. For this purpose, temperature and breathing rate were monitored using MR‐compatible
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probes throughout the image acquisition process. Temperature was kept constant using a water‐circulating blanket connected to a heated water

bath.

MRI was performed on an 11.7 T, 16 cm inner diameter bore system (Bruker, Biospec) with a 7 cm diameter birdcage coil for signal transmis-

sion and a surface array coil (2 x 2 elements, 18 x 18 mm2 each) for signal reception. A warm water blanket was used to maintain the animals'

temperature at 37°C, and the temperature was monitored with an MR‐compatible rectal probe.

A multislice Rapid Acquisition with Relaxation Enhancement (RARE) sequence was first used to determine the most representative tumor slice

for further measurement, with the following parameters: TE/TR/RARE‐factor/FOV/matrix size/slice thickness = 10.66 ms/2500 ms/6/35 x

35 mm/256 x 256/1 mm. The representative slice was selected manually for each tumor. It was typically the largest slice of each tumor. The seg-

mented IR‐FISP sequence (SSFP‐FID mode) was used for R1 acquisition with the following parameters: TR/TE/FA/BW/FOV/matrix size/slice

thickness = 4 ms/1.35 ms/10°/100 kHz/55 x 30 mm/100 x 85/1 mm, four segments, 100 TI from 13 ms to 8329 ms every 84 ms, and a total

acquisition time of 20 minutes. The resonant frequency for excitation of R1 sequence was set at the resonance of water. Multi‐Gradient Echo

R2* images were acquired at TR/FA/slice thickness = 3000 ms/15°/1 mm with a FOV of 35 x 35 mm on a 256 x 256 matrix, with 12 echoes from

3.5 to 58.5 ms every 5 ms. The total acquisition time was 9 minutes 36 seconds.

Data analysis was performed with an in‐house program developed in ImageJ and MATLAB (MATLAB R2013b, The Math Works). R1 and R2*

maps were calculated with an MRI analysis calculator plug‐in in ImageJ software. This MRI analysis method is adapted from the original plug‐in

created by Karl Schmidt (http://rsb.info.nih.gov/ij/) using a curve‐fitting method based on the Simplex method. R1L and R1W were extracted from

the R1G map by a bi‐exponential deconvolution method. Hence, the term R1G refers to the R1 acquired by MRI and is the sum of the contributors

of R1W and R1L. Meanwhile, R1L and R1W indicate the generated data obtained by the deconvolution of R1G. Regions of interest (ROIs) were drawn

manually around the tumor on the selected anatomic slice and were transferred to R1L, R1W, R1G and R2* maps of the same slice. The subtraction

of the two maps acquired before and after ITPP treatment was performed voxel by voxel, resulting in maps of ΔR1L, ΔR1W, ΔR1G and ΔR2*.

Coregistration was performed using a homemade script on Matlab. During acquisition, similar orientation was used for the R2* map and the R1

map, so that only translation transformations were needed for coregistration.
2.7 | Perfusion study – Patent Blue staining

We used the Patent Blue staining method in order to obtain a rough estimate of the tumor perfusion fraction. This method has been validated by

comparison with DCE‐MRI.26,27 Animals were treated with vehicle, 1 mL NaCl 0.9% (10 rhabdomyosarcomas and six 9 L‐gliomas), or ITPP (10

rhabdomyosarcomas and eight 9 L‐gliomas). Two hours after treatment, Patent Blue was injected through the tail vein (Sigma‐Aldrich, 1 mL of

Patent Blue solution 1.25%). The animals were sacrificed by an overdose of pentobarbital exactly 1 minute after the administration of Patent Blue.

The tumors were rapidly excised and cut into two size‐matched halves. Pictures of each tumor cross section were taken with a digital camera. The

tumor perfusion fraction was estimated as the percentage of stained area of the whole tumor cross section analyzed by ImageJ.
2.8 | Oxygen consumption rate

The oxygen consumption rate (OCR) was measured in vitro using a Bruker EMXplus EPR spectrometer operating at 9.5 GHz. Briefly, adherent cells

were trypsinized and resuspended in fresh medium (107 cells/mL). A mix of 100 μL of cell suspension and 100 μL of 20% dextran was sealed in a

glass capillary tube in the presence of 0.2mM of a nitroxide probe acting as an oxygen sensor (15N 4‐oxo‐2,2,6,6‐tetramethylpiperidine‐d16‐
15N‐1‐

oxyl, CDN isotopes, Pointe‐Claire, Quebec, Canada). The sample was placed in a quartz ESR tube and maintained at 37°C by heated nitrogen dur-

ing the acquisition of the spectra. EPR linewidth was measured every minute and reported on a calibration curve to obtain the oxygen concentra-

tion.28 OCR was determined by the absolute value of the slope of the decrease in oxygen concentration in the closed capillary tube over time.
2.9 | Statistical analysis

Statistical analyses were performed with the GraphPad (Prism) program. Results were expressed as mean ± SEM (standard error of the mean). To

evaluate the differences between groups of data, we used the two‐tailed t‐test. For all tests, P < 0.05 was regarded as significant (*P < 0.05;

**P < 0.01; ***P < 0.001; ****P < 0.0001).
3 | RESULTS

In a preliminary study, tumor pO2 in rhabdomyosarcomas and in 9 L‐gliomas was monitored longitudinally by EPR oximetry.29 We found that a

single dose of ITPP induced an increase in tumor pO2 that was maximal at 2 hours postadministration.29 In this study, we selected this time point

to evaluate the impact of ITPP treatment on tumor pO2 and oxygen‐dependent MR parameters in two rat tumor models.

http://rsb.info.nih.gov/ij/
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The change in in vivo tumor pO2 was confirmed by L‐band EPR oximetry (Figure 1, Table 1). In both models under study, we did not notice any

change in tumor pO2 in the control group before and 2 hours after saline administration. However, we observed that ITPP treatment significantly

increased tumor pO2 in both models (P < 0.01) at the same time point. The change (0‐ vs. 2‐h ITPP) was significantly greater in 9 L‐gliomas than in

rhabdomyosarcomas (P < 0.01, Table 1B).

Figures 2 and 3 present pre‐ and post‐ITPP treatment MRI data for rhabdomyosarcomas and 9 L‐gliomas, respectively. The data were normal-

ized to the baseline values. The reproducibility of R1 and R2* measurements in the two tumor models is reported in Table 2.

A change in R2* may be due to a change in [dHb] per volume of tissue, which possibly relates to the change in O2 released from the blood. ITPP

significantly increased R2* from 83.8 ± 6.4 to 98.6 ± 8.7 s−1 in rhabdomyosarcomas (P < 0.01, Figure 2A) and from 83.1 ± 4.3 to 89.6 ± 4.4 s−1 in

9 L‐gliomas (P = 0.02, Figure 3A). R2* of all tumors in both models studied (n = 8‐9/model) increased after ITPP administration, except for one 9L‐

glioma tumor, which showed a decrease in R2* (Figure 3A).

A change in R1 could be the result of a change in dissolved O2. A significantly faster relaxation rate was generally observed for all R1 param-

eters (R1G, R1W and R1L) in both models after ITPP administration (P < 0.05) (Figures 2 and 3B‐D). R1G increased from 2.11 ± 0.03 to

2.19 ± 0.04 s−1 in rhabdomyosarcomas (P < 0.01, Figure 2B) and from 2.12 ± 0.05 to 2.25 ± 0.05 s−1 in 9 L‐gliomas (P = 0.05, Figure 3B). R1W

was 1.01 ± 0.01 s−1 (vehicle) and 1.08 ± 0.02 s−1 (ITPP) (P < 0.01) in rhabdomyosarcomas (Figure 2C) and 1.05 ± 0.01 s−1 (vehicle) and

1.13 ± 0.02 s−1 (ITPP) (P < 0.01) in 9 L‐gliomas (Figure 3C). R1G increased after ITPP treatment in both tumor models (Figures 2B and 3B). How-

ever, for the R1W parameter, there was one tumor in each model presenting an opposite trend in response to ITPP treatment. In response to ITPP,

R1L increased from 3.24 ± 0.08 to 3.36 ± 0.09 s−1 (P = 0.04) (Figure 2D) and from 3.45 ± 0.06 to 3.57 ± 0.07 s−1 (P < 0.01) (Figure 3D) in rhab-

domyosarcomas and 9 L‐gliomas, respectively. Two rhabdomyosarcomas and one 9 L‐glioma showed a decrease in R1L after ITPP treatment. R1L

was not shown to be more sensitive to changes in tumor oxygenation than R1G or R1W in these models.

Figure 4 shows representative anatomic images as well as the ΔR1 and ΔR2* maps of one 9 L‐glioma and one rhabdomyosarcoma. Figure 5

shows the heterogeneity in R1 and R2* response to ITPP challenge in rhabdomyosarcomas and in 9 L‐gliomas at the inter‐tumoral level. In both

models, ITPP induced increases in R1 and R2* in most (>50%) of the voxels in each tumor.

Since R2* is sensitive to the change in [dHb], we assessed the impact of ITPP on HbO2 saturation in the blood (Figure 6). ITPP significantly

decreased the saturation of hemoglobin from 91.6 ± 1.1% to 67.9 ± 4.4% (P < 0.01) (Figure 6A). Interestingly, we also found a slight but significant
FIGURE 1 Tumor oxygenation of (A)
rhabdomyosarcomas (vehicle N = 6, myo‐
inositol trispyrophosphate [ITPP] N = 3) and
(B) 9 L‐gliomas (vehicle N = 4, ITPP N = 6)
obtained by L‐band electron paramagnetic
resonance (EPR) oximetry before and 2 hours
after ITPP or saline administration
(mean ± SEM). Both tumor models were
responsive to ITPP, with a significant increase
in tumor pO2. Saline injection did not change
tumor pO2 **p<0.01, ***p<0.001,
****p<0.0001, ns= not significant

TABLE 1 Summary of (A) tumor pO2 (mmHg) assessed by electron paramagnetic resonance (EPR) band L in vehicle‐ and myo‐inositol
trispyrophosphate (ITPP)‐treated tumors and (B) the change in tumor pO2 induced by ITPP compared with the vehicle group (2‐hour vehicle) and
pretreatment group (0‐hour ITPP). (Mean ± SEM)

Vehicle (mmHg) ITPP (mmHg)

0 h 2 h 0 h 2 h

(A)

Rhabdomyosarcoma 6 ± 0.2 6 ± 0.1 5.7 ± 0.3 8.4 ± 0.1

9 L‐glioma 7.2 ± 0.1 7.3 ± 0.1 7.8 ± 0.5 14.4 ± 1

0‐h ITPP vs. 2‐h ITPP (mmHg) 2‐h vehicle vs. 2‐h ITPP (mmHg) T‐test

(B)

Rhabdomyosarcoma 2.7 ± 0.3 2.4 ± 0.2 P > 0.05

9 L‐glioma 6.6 ± 1.1 7.1 ± 1.3 P > 0.05

T‐test P < 0.01 ‐



FIGURE 2 Individual normalized changes in
magnetic resonance imaging (MRI) parameters
in rhabdomyosarcomas (N = 8) before and
2 hours after myo‐inositol trispyrophosphate
(ITPP) administration. All MRI parameters
increased under the effect of ITPP *p<0.05,
**p<0.01

FIGURE 3 Individual normalized changes in
magnetic resonance imaging (MRI) parameters
in 9 L‐gliomas (N = 9) before and 2 hours after
myo‐inositol trispyrophosphate (ITPP)
administration. All MRI parameters increased
under the effect of ITPP *p<0.05, **p<0.01

TABLE 2 Coefficient of variation (COV) of R1 and R2* measurements in 9 L‐gliomas and in rhabdomyosarcomas. Each COV value was calculated
for the corresponding data set. The previous presentation may induce confusion. Thus, we have added the % after each COV value

Rhabdomyosarcoma 9 L‐glioma

Baseline ITPP Baseline ITPP

R2* 21.7% 25% 15.7% 14.8%

R1G 4.2% 4.8% 7.7% 6%

R1W 2.4% 3.9% 3.3% 5.6%

R1L 6.8% 7.8% 5.2% 5.9%

6 of 12 CAO‐PHAM ET AL.
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decrease in blood pH: the pH values were 7.46 ± 0.01 and 7.40 ± 0.01 for the vehicle‐ and ITPP‐treated samples, respectively (P < 0.01, paired t‐

test) (Figure 6B). Both factors can contribute to a right‐shift of the oxygen dissociation curve (ODC).

We further tested the impact of ITPP on the perfusion of tumors to verify whether the change in R2* might be due to a change in tumor per-

fusion. The Patent Blue staining method provides a rough estimation of the tumor‐perfused fraction.26,27 The experiment showed no difference in

the percentage of colored area between tumors in the vehicle group and tumors treated with ITPP in either model (Figure 7). The colored area

percentages were 82.5 ± 2.7% (vehicle, n = 10) and 77.2 ± 2.1% (ITPP, n = 10) (P = 0.14) for rhabdomyosarcomas and 56.7 ± 2.5% (vehicle,

n = 6) and 44.0 ± 4.9% (ITPP, n = 8) (P = 0.06) for 9 L‐gliomas. We excluded the potential role of an increase in R2* related to a change in perfusion.

It should be noted that rhabdomyosarcomas were better perfused than 9 L‐gliomas (P < 0.01, unpaired t‐test).

Two factors determine tumor pO2: O2 supply and O2 consumption of tumor cells. An increase in tumor pO2 can be induced by increasing the

O2 supply and/or decreasing the O2 consumption. The in vitro OCR of both cell lines was assessed by X‐band EPR oximetry and the results are

presented in Figure 8. ITPP treatment significantly decreased OCR in both cell lines. OCR decreased from 15.21 ± 0.5 to 7.85 ± 0.51 nmol O2/

min/5 x 106 cells (P < 0.01) and from 7.47 ± 0.61 to 5.3 ± 0.43 nmol O2/min/5 x 106 cells (P = 0.02) for rhabdomyosarcoma and 9L‐glioma cells,

respectively.
4 | DISCUSSION

In a previous study, we highlighted the added value of combining R1 and R2* MRI biomarkers to map changes in tumor oxygenation induced by a

hyperoxic breathing challenge.14 R1 and R2* were successfully integrated in a single map to visualize four different types of voxels corresponding
FIGURE 4 Representative anatomic images, ΔR1 maps and ΔR2* maps of a 9 L‐glioma and a rhabdomyosarcoma. The delta maps were obtained
by subtracting the baseline maps from post‐myo‐inositol trispyrophosphate (ITPP) treatment maps



FIGURE 5 Mean fractional myo‐inositol trispyrophosphate (ITPP)‐induced (A) ΔR2* > 0 and (B) ΔR1 > 0 of rhabdomyosarcomas (filled circles) and
9 L‐gliomas (open circles) (mean ± SEM). Each symbol presents the data of a tumor. At the intra‐tumor level, a majority of voxels in most of the

tumors presented ΔR1 > 0 and ΔR2* > 0

FIGURE 6 (A) Change in hemoglobin saturation before and 2 hours after myo‐inositol trispyrophosphate (ITPP) administration in healthy venous
rat blood sample (N = 5). ITPP significantly decreases the rate of hemoglobin saturation (mean ± SEM). (B) Change in venous blood pH before and
2 hours after ITPP administration in healthy venous rat blood sample (N = 5). ITPP slightly but significantly decreases the blood pH (mean ± SEM)
**p<0.01

FIGURE 7 Mean value ± SEM of Patent Blue‐perfused area in rhabdomyosarcomas (vehicle N = 10; myo‐inositol trispyrophosphate [ITPP]
N = 10) and in 9 L‐gliomas (vehicle N = 6; ITPP N = 8). No significant difference was observed between the vehicle group and the group
treated with ITPP in either model
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FIGURE 8 Impact of myo‐inositol trispyrophosphate (ITPP) on in vitro oxygen consumption rate (OCR) in rhabdomyosarcoma cell line (vehicle
N = 6; ITPP N = 6) and in 9 L‐glioma cell line (vehicle N = 8; ITPP N = 6) obtained by X‐band electron paramagnetic resonance (EPR) oximetry.
ITPP significantly decreased the OCR in both tumor cell lines (mean ± SEM) *p<0.05, ****p>0.0001
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to different hypoxic tumor regions.14 In the current study, we further validated the value of the combined R1 and R2* MR oxygen‐dependent

parameters for assessing changes in tumor oxygenation induced by a pharmacological oxygen modifier agent, ITPP, which is described as right‐

shifting the dissociation curve of Hb‐O2 towards higher pO2 values.30

All oxygen‐sensitive MR parameters (R1G, R1W, R1L and R2*) increased after ITPP administration (Figures 2 and 3). The result at the inter‐

tumoral level was confirmed at the intra‐tumoral level (Figure 5), as the majority of tumors in both models presented a higher proportion of voxels

with ITPP‐induced ΔR1 > 0 or ΔR2* > 0. We also found that R1L and R1W did not show any superiority to R1G in terms of sensitivity to the change

in tumor oxygenation induced by ITPP. We even observed a higher fractional increase in R1W (~ 8%) than in R1L (~ 3.5%) after ITPP administration

in both tumor models. A possible explanation for this may lie in the method used to extract the R1L and R1W values from R1G. The bi‐exponential

method is a model that attributes the fast and slow components to lipid and water proton relaxation rates, respectively. However, this approxi-

mation cannot exclude the potential contribution to the fast component of the relaxation of water linked to macromolecules. Thus, the fast com-

ponent does not exclusively reflect lipid relaxation. However, the observation is consistent with that obtained in previous studies using a

hyperoxic breathing challenge (carbogen).14,15 It should also be noted that, despite the higher fractional increase observed in R1W than in R1L,

the absolute change in R1 was higher in R1L than in R1W (approximately 0.07 and 0.12 for R1W and R1L, respectively).

Recently, R1 has attracted more and more attention as a tool for estimating tumor oxygenation, as it is directly sensitive to dissolved O2 con-

centration. An increase in R1 is generally observed in tumors under hyperoxic challenge.11,13,15,31 O'Connor et al have validated the mapping of

spatial variation of hypoxia based on the different response of R1 to oxygen breathing.12 Because R1 is sensitive to the oxygen molecules dissolved

in plasma and tissue fluid, the increase in R1 corresponds to an increase in dissolved oxygen in tumor tissue. With respect to changes in oxygen-

ation, two mechanisms may be involved in the modification of tumor oxygenation: an increase in the O2 supply and a decrease in the OCR of

tumor cells. While an increase in O2 supply by right‐shifting the ODC of ITPP was previously shown,19-21 we have demonstrated here that ITPP

was also able to induce a significant reduction of OCR in vitro, in both tumor cell lines studied. Previously, evidence showed that ITPP was able to

inhibit the PI3K pathway.22 This mechanism could explain the decrease in OCR induced by ITPP.32,33 The effect of ITPP in reducing cell OCR was

compared with an inhibitor of PI3K, LY294002.29 Both ITPP and LY294002 reduced OCR of 9 L‐glioma and rhabdomyosarcoma cell lines with the

same timing.29 Interestingly, the fraction of tumor with ΔR1 > 0 is highly variable, ranging from less than 50% to almost 100%. Two factors may

contribute to this intra‐tumor heterogeneity of R1 response. First, the distribution of ITPP relies on the tumor vascular system. The chaotic, dis-

organized structure of tumor vessels may hinder the accessibility of the compound to regions where the blood supply is reduced. Consequently, a

tumor's heterogeneous vessel architecture determines drug uptake in its different regions. Second, the magnitude of response to ITPP depends on

the tissue's oxygenation at baseline.

An increase in R2* is the result of an increase in the paramagnetic Hb concentration per tissue volume. The ability of ITPP to change the Hb

saturation was assessed in vivo on venous blood in healthy rats. In addition, ITPP also slightly but significantly increased blood acidity. Both factors

therefore contributed to a right‐shift of ODC towards a higher O2 release from the blood and an increase in the total dHb content according to the

Bohr effect. We also compared the perfusion in treated and untreated tumors to evaluate whether ITPP could induce an acute effect on tumor

perfusion, which in turn could modify the tumor blood volume and dHb content. Our study did not show any significant change in tumor perfusion

after ITPP administration. It should be noted that Kieda et al22 found that long‐term ITPP treatment in melanoma and in breast cancer syngeneic
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models was able to normalize tumor vessels through the acquisition of a matured phenotype in endothelial cells and the reorganization of the

tumor vessels. However, this effect did not occur soon (2 hours) after ITPP administration in our study (Figure 7).

In this study, the field strength of the MRI was 11.7 T, which is much stronger than the 1.5 and 3 T MR clinical systems used in clinical practice.

In the study of Blockley et al,33 the authors measured R2* versus Hb concentration at 1.5, 3 and 7 T. They demonstrated that the transverse

relaxivity (R2*) of whole blood as a function of dHb concentration (in s−1mM−1) increased as the magnetic field strength increased. We can spec-

ulate that the R2* measured in this study at a high field strength is more sensitive to the change in dHb content than the measurements reported

at a lower field strength.

Finally, with respect to R2* measurement, we used a low flip angle (10°) to minimize any potential “in‐flow” effect,34 as the signal created by

the water blood flowing into the imaging slice is much stronger than the static water at high flip angles (30°‐90°) because the spin of the static

water is partially saturated by previous pulses.

While R2* is generally assumed to decrease in response to a hyperoxic challenge, because the breathing of high oxygen content gas (carbogen

or 100% oxygen) increases the hemoglobin saturation of blood and therefore decreases the R2* signal, we have shown here that the direction of

change in R2* depends on the mechanism of action of the oxygen modifier under study. When a pharmacological agent is used that is able to mod-

ify Hb saturation and oxygen consumption, an increase in R2* is observed. This is similar to observations made using inhibitors of oxygen con-

sumption.35 Moreover, in a previous study, we showed that the change in R2* is influenced not only by tumor pO2 but also by the degree of

Hb saturation at baseline.14 This has also been proved at the intra‐tumoral level in a study by Little et al.36

Interestingly, we observed that the better‐oxygenated tumor model 9 L‐glioma showed a higher increase in pO2 after ITPP administration com-

pared with the rhabdomyosarcoma model (Figure 1), as the right‐shift of the ODC will only be beneficial to tissues within a certain range of pO2

(“middle range”, ie, 40–80 mmHg) and ITPP will barely affect SO2 values in tissues presenting extreme pO2 values (very high or very low). Accord-

ingly, at the intra‐tumoral level, we observed a general higher fraction of voxels with ΔR1 > 0 in 9 L‐gliomas than in rhabdomyosarcomas

(Figure 4). Yet we also noticed that ITPP induced a higher fraction of voxels presenting a ΔR2* > 0 in rhabdomyosarcomas (Figure 4).

This raises the question as to whether R2* could be used to monitor the change in tumor pO2 induced by an allosteric effector of Hb. In two

studies using a different allosteric effector of Hb, RSR13, similar changes in R2* were not observed. In the study of Kelly et al,32 RSR13 induced an

increase in BOLD signal intensity (meaning a decrease in R2*) in NCI‐H460 human lung carcinoma xenograft. By contrast, in the work of Hou

et al,39 RSR13 had scarcely any effect on the R2* signal in RIF‐1 tumors. It should be noted that both ITPP and RSR13 significantly enhanced

tumor pO2 in the models under study.27,32 Figure 9 presents a model that may explain the complexity in R2* signal changes. R2* is sensitive to

the change in [dHb]. In the three situations illustrated, (A), (B) and (C), the allosteric effector significantly increases tumor pO2. Yet the changes

in [dHb] do not follow the change in pO2, as Hb saturation can increase, decrease or remain stable. Thus R2* is not suitable for monitoring the

change in pO2 in response to allosteric modifiers of Hb: if the allosteric effector does not induce any change in tumor blood flow or blood volume,

but only induces change in the ODC, the saturation of hemoglobin should be determined by the new corresponding pO2 value (Figure 9) on the
FIGURE 9 The complexity of R2* under the
effect of an allosteric effector of hemoglobin.

Note that if there is no change in the blood
flow or blood volume, an increase in the
degree of hemoglobin saturation (which
means a decrease in the proportion of dHb)
leads to a decrease in R2* and vice versa. (A),
(B) and (C) illustrate three possibilities of R2* if
the allosteric effector induces a shift in the
oxygen dissociation curve (ODC) and an
enhancement in tumor pO2. The change in R2*
depends on the degree of Hb saturation but
not on the real tumor pO2
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new ODC. Note that the equilibrium of pO2 after treatment depends on many factors, including tumor type and the impact of the drug on the

metabolic rate or on the oxygen consumption rate of tumor cells. The mechanism of OCR modulators can be complex and usually includes the

change in tumor perfusion or in tumor metabolic activity.35,37 These factors are unrelated to the real change in tumor pO2 and can modify the

R2* signal, hindering interpretation of the results. In brief, caution should be exercised when interpreting R2* as the marker reflects the concen-

tration of dHb per volume, but not oxygenation per se.

In the study of Fylaktakidou et al,20 ITPP was found to be a powerful allosteric effector of Hb. The incubation of ITPP with the human whole

blood sample showed that the compound was able to increase the P50 of the blood by up to 40% (P50 = partial pressure of oxygen under which

50% of Hb is saturated with O2). The ability of ITPP to induce the P50‐shift in a sample of human blood was dose‐dependent and reached a max-

imum at a concentration of 60mM. At a dose of 30mM, ITPP induced a 36% P50‐shift and the Hill coefficient went from 2.4 to 1.6. Interestingly,

ITPP appears to induce a stronger effect on P50‐shift in murine blood samples than in human blood samples: at 4mM, ITPP induced a 30% P50‐

shift in a murine blood sample versus a less than 3% P50‐shift in a human blood sample. These in vitro findings could explain the large decrease in

hemoglobin saturation that we observed in this study (Figure 6).

It should be noted that, despite the significant improvement in tumor pO2 in both tumor models, 9 L‐glioma and rhabdomyosarcoma, ITPP in

monotherapy or combined with radiation therapy did not improve the treatment outcome in the tumor models under study.29 Besides tumor oxy-

genation, other factors can contribute to the radiosensitivity of cancer cells, such as the ability to repair DNA damage and cancer cell repopulation

following irradiation. In particular, the findings showed that ITPP may be involved in the PI3K pathway, which is a key regulator of various cellular

functions, from cell proliferation to cell survival, and is implicated in all major mechanisms of radioresistance.

In conclusion, ITPP was able to increase tumor pO2 in a rhabdomyosarcoma and a 9 L‐glioma model. The value of the MRI biomarkers R1 and

R2* was increased by ITPP treatment. The interpretation of the results needs to take into account that R1 and R2* can be biased by multiple fac-

tors, unrelated to changes in pO2. In this study, we identified that the acute effect of ITPP on tumor pO2 was the result of a combination of right‐

shifting of the ODC, a decrease in pH and a decrease in OCR. In addition, we concluded that R2* is not suitable to monitor change in tumor pO2

induced by an allosteric effector of Hb.
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