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Abstract

Significance: Electron paramagnetic resonance imaging (EPRI) is capable of generating images of tissue oxygenation
using exogenous paramagnetic probes such as trityl radicals or nitroxyl radicals. The spatial distribution of the para-
magnetic probe can be generated using magnetic field gradients as in magnetic resonance imaging and, from its spectral
features, spatial maps of oxygen can be obtained from live objects. In this review, two methods of signal acquisition and
image formation/reconstruction are described. The probes used and its application to study tumor physiology and
monitor treatment response with chemotherapy drugs in mouse models of human cancer are summarized.
Recent Advances: By implementing phase encoding/Fourier reconstruction in EPRI in time domain mode, the
frequency contribution to the spatial resolution was avoided and images with improved spatial resolution were
obtained. The EPRI-generated pO2 maps in tumor were useful to detect and evaluate the effects of various
antitumor therapies on tumor physiology. Coregistration with other imaging modalities provided a better
understanding of hypoxia-related alteration in physiology.
Critical Issues: The high radiofrequency (RF) power of EPR irradiation and toxicity profile of radical probes
are the main obstacles for clinical application. The improvement of RF low power pulse sequences may allow
for clinical translation.
Future Directions: Pulsed EPR oximetry can be a powerful tool to research various diseases involving hypoxia
such as cancer, ischemic heart diseases, stroke, and diabetes. With appropriate paramagnetic probes, it can also
be applied for various other purposes such as detecting local acid–base balance or oxidative stress. Antioxid.
Redox Signal. 28, 1378–1393.
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Introduction

The partial pressure of oxygen (pO2) in tissues is
strictly controlled in healthy organs. Hemoglobin bound

to oxygen (oxyhemoglobin) perfuses and delivers oxygen to
tissues (13). The hemoglobin affinity for oxygen changes de-
pending on several factors such as low pH or high carbon
dioxide (CO2) and releases oxygen in favor of hypoxic tissues.
The vasodilation in such tissues also compensates for the
shortage of oxygen delivery (7). However, in pathophysio-
logical states of many diseases, the homeostasis of oxygen
supply/consumption balance is not maintained, resulting in

low pO2. Cancers, inflammation, and ischemic diseases are
associated with low pO2. Especially in cancer, oxygen defi-
ciency is reported to not only promote processes driving ma-
lignant progression and metastasis but also increases the
resistance toward treatment, including radiation and chemo-
therapy (11, 23–25, 52, 57, 63). Thus, quantitative assessment
of pO2 in the tissues can characterize such tissues and help
making decision in the choice of optimal treatment strategies.

Electron paramagnetic resonance (EPR) oximetry is cur-
rently being investigated by several groups for small animal
imaging applications. Because most spin probes used in EPR
have relatively large line widths (LWs), continuous wave
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(CW) methods using phase-sensitive detection were pre-
ferred for signal detection. Such spectroscopic studies have
been shown to be useful to obtain information on the pO2

levels in tumors. CW L-band electron paramagnetic reso-
nance imaging (EPRI) and spectroscopic studies have also
provided information on cardiac ischemia and tumor hypoxia
(2, 19, 20, 31, 33, 36, 62). The recent availability of single
line paramagnetic spin probes based on the trityl radical (3)
that are nontoxic, biocompatible, and water soluble made
pulsed EPRI as a useful technique in preclinical research with
potential for clinical translation. The information obtained
from in vivo EPR studies such as tissue redox status or oxy-
gen level provides a better understanding in physiological
status. Radiofrequency EPRI systems operating in time do-
main (TD) employ narrow excitation pulses (50–100 ns), and
the free induction decay (FID) signals that last typically for
1–3 ls are captured. The advantages of pulsed EPR system
includes the minimal motion artifacts and short imaging
times. Unlike MRl, EPRI depicts images of accumulated spin
probes just as in positron emission tomography (PET). Ex-
tremely low background noise level in EPRI describes organ
images clear with sufficient delineation. Our previous studies
(37, 38, 40, 58, 59) have shown that in vivo oximetry infor-
mation can be obtained with adequate image resolution and
sensitivity by pulsed EPR (also known as TD EPR or Fourier
transform [FT] EPR) imaging modality. In this review, the
fundamentals of EPR signal acquisition and imaging and
examples of applications in the studies of tumor physiology
are presented.

EPR Spectroscopy and Imaging

EPR signal acquisition can be performed in the CW mode
in the frequency domain or in the TD. CW EPR is suitable for
species such as nitroxyls that have LWs >0.5 Gauss, whereas
the TD EPR method is optimal for narrow line paramagnetic
species such as the solid LiPc or the trityl radicals. EPRI both
in the CW and pulsed methods can be done by frequency
encoding, wherein the projections are collected and trans-
formed to the frequency domain and image reconstructed by
filtered back projection (Fig. 1A). This was used effectively
in various EPRI experiments for spatial imaging and spec-
troscopic imaging. To map spectral information with EPRI,
spectral–spatial EPRI methods are used (34, 35), wherein
incrementation of unidirectional field gradient is performed
to obtain a set of projections, and reconstruct image onto a
2D–4D spectral–spatial pseudo matrix using filtered back
projection and/or iterative reconstruction techniques (Fig. 1B).
Although FT EPRI was implemented using frequency encod-
ing and projection reconstruction initially (Fig. 1A), significant
dead times and the relatively large LWs compromised the
image quality. With concepts from solid state nuclear magnetic
resonance microscopy of phase encoding by collecting a single
point in the TD and monitoring its phase modulation by the
imposed gradients, the frequency contribution to the spatial
resolution was avoided and significantly improved images in
terms of spatial resolution were obtained (Fig. 1C) (58).

Principle of TD Single Point Imaging EPR Oximetry

Magnetic resonance imaging (MRI) uses the T1 and T2 of
contrast agents to distinguish different types of tissue based
on proton relaxation time differences. In blood oxygen level

dependent (BOLD) MRI (6, 49–51), the differential oxy-
genation of hemoglobin during functional activation of the
brain and the consequent magnetic susceptibility difference
that depends on the ratio of hemoglobin to deoxyhemoglobin
change the local relaxation time to produce the contrast.
Molecular oxygen itself is a paramagnetic species with two
unpaired electrons, and can also shorten proton T1. T1-
weighted signal enhancement induced by tissue oxygen is
known as tissue oxygen level dependent (TOLD) MRI signal
(37). However, BOLD and/or TOLD MRI can sense quali-
tative changes in oxygen concentration, that is, oxygenation
or deoxygenation, but do not directly measure oxygen con-
centration quantitatively.

The most important physiological function that is unique
to EPRI is the possibility of performing oximetry based on
the line broadening of spin probe LW by O2 (15, 16, 60, 67).
In EPR, dissolved oxygen acts as a natural T2-contrast agent.
EPR oximetry is based on EPR line broadening caused by
shortening in spin–spin relaxation time (T2) due to spin–spin
interaction between the paramagnetic spin probe and mo-
lecular oxygen. The LW is inversely related to transverse
relaxation time, T2, or the decay time of the FID, that is, T2*.
Since the images are processed from projections obtained by
the FT of the FIDs by progressively deleting the early part of
the FID, one can impart a spatially resolved T2*-dependent
intensity attenuation in the images, thus performing a TD
equivalent of spectral–spatial imaging. In other words, in-
tensity from voxels that have maximum pO2 will decay the
fastest, whereas least oxygenated voxels will show a longer
persistence due to longer T2*. Oxygen concentration in the
sample can be quantitatively estimated by measuring the EPR
LW of the probe (38). A linear relation exists between the
EPR LW and oxygen concentration.

Electron paramagnetic resonance imaging

The principle of spectroscopic imaging with TD EPR using
the single point imaging (SPI) modality is outlined in earlier
reports (38, 58, 59). The FID following the excitation pulse is
sampled using a fast analog–digital converter (500 mega
samples/s; Fig. 2A). FIDs are acquired under static magnetic
field gradients and the phase at a single time point is moni-
tored as the orthogonal gradients are looped in a Cartesian
space by gradual incrementation from a negative to positive
value (Fig. 2B). The phase changes acquired at a given time
point (sp) in the set of FIDs collected resemble a gradient-
echo response in the transverse magnetization (Fig. 2C) from
a typical MRI scan and complete spatial information can be
recovered by Fourier transformation (Fig. 2D). A spectral–
spatial image or T2* map can be reconstructed using a set of
1D spatial profiles obtained from several different sp. Two-
dimensional or three-dimensional imaging can be achieved
by using a combination of two or three orthogonal field
gradients. To improve the accuracy of data, SPI can be car-
ried out at multiple different gradient steps. Figure 3 shows
the scheme of generating three sets of images with three
different gradient steps: one with large gradient steps for
early time points after the pulse, intermediate steps for mid
range of the FID, and small steps for larger delays from the
pulse. The image data are gathered in an interleaved manner
to average out any spin concentration fluctuations due to
pharmacokinetic clearance.
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By using Oxo63 solution phantoms equilibrated with
known oxygen concentration for calibration, one can gener-
ate oximetric images of the tumor-bearing organs from the
in vivo image data. It can be seen in Figure 4 that the LW
derived from SPI from the phantoms is linear with pO2, and
reproducible when the resonator size, filling factor, and the
gradient magnitudes are kept constant.

The observed total LW (LWt) can be described by the
following equation:

LWt ¼ LWi þ LWuh þ LWg þ LWc þ LWo, [1]

in which LWi is the intrinsic spin packet line width, LWuh is
the contribution of unresolved hyperfine interactions of
the unpaired electron with neighboring magnetic nuclei,
LWg is the gradient-induced line broadening, LWc is the
spin probe concentrations-dependent line width, and LWo is
the oxygen-dependent line width. LWi and LWuh can be

assumed constant and LWc can be ignored at low spin probe
concentration (<3 mM). Figure 4A shows the intensity
change as a function of the concentration of the spin probe,
wherein a linear response is noticed (38) and Figure 4B shows
the relationship between LW and probe concentration. As can
be seen from the inset, minimal broadening at concentrations
<3 mM was noticed. Above this concentration, a concentration-
dependent increase was observed. No importance was given to
LWc in the pO2 calculation in the following studies on the
assumption of the intratumor Oxo63 concentration of not ex-
ceeding 3 mM (38). Figure 4C shows the results of the pulsed
EPRI using SPI for LW mapping of a four-tube phantom
containing 3 mM Oxo63 with different levels of pO2. A linear
correlation between LW broadening and oxygen concentration,
which determines the relationship of LWo with pO2, is shown
in Figure 4D with minimal fluctuations over the cross section.

The feasibility of in vivo EPR oximetry was also tested
using tumor-bearing mouse (40). Figure 5A and B shows the

FIG. 1. Schematic drawing of theory of several EPRI modalities. (A) Spatial imaging using a back projection image
reconstruction. The projection data are collected using rotating but a constant magnitude of field gradient. (B) Spectral–
spatial 2D imaging in frequency domain. The projection data are collected using unidirection but incrementing magnitude of
field gradient. G, magnitude of field gradient (Gauss/cm); DH and DL, spectral and spatial window width of the pseudo
spectral–spatial matrix; SW, sweep width; a, viewing angle on the pseudo spectral–spatial matrix; H, magnetic field; L,
spatial length. SW is varied depending on the a. Rotating field gradient direction achieves 3D or 4D imaging. (C) Spectral–
spatial imaging in time domain. Data are collected using incrementing field gradient strengths and a constant time window
(sweep width in frequency domain). Fourier transformation along G axis gives a spatial profile. With combinations of two or
three orthogonal field gradient set, 3D or 4D imaging is available. EPRI, electron paramagnetic resonance imaging.
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anatomic images (T2-weighted MRI images) and corre-
sponding pO2 maps taken from healthy mouse (top row) and
squamous cell carcinoma SCCVII tumor-bearing mouse
(bottom row). The results showed that the normal muscle
tissue is homogeneously well oxygenated (20.8 – 3.3 mmHg;
n = 6) while significant lower pO2 level was observed
(10.5 – 3.6 mmHg; n = 6; p < 0.01) in tumor region (Fig. 5C).
The results are consistent with previous reports showing that
the SCC tumor at a size of 1 cm3 exhibits significant hypoxia
in a large fraction (30, 38). Figure 5D and E shows images
from the same tumor-bearing mouse when the breathing gas
was switched from air to carbogen (95% O2 + 5% CO2). The
pO2 maps from EPRI show that a significantly large part of
the tumor exhibited pO2 increase after the changing gas de-
scribed in Figure 5F. The results support the capability of
EPRI to distinguish a 3- to 4-mmHg pO2 difference and is
useful to study live animals and provide useful physiological
information on tumor hypoxia (44, 66).

In Vivo Application of EPR Oximetry

EPRI has several intrinsic advantages when compared with
other clinically available methods of assessing tumor pO2.
Polarographic measurements need an oxygen electrode in-
sertion in the target tissue. This provides quantitative pO2

assessments from only the needle-accessible sampling vol-
ume. In contrast, EPRI provides quantitative pO2 values in
three-dimensional maps noninvasively (66). PET, another
oxygen-related imaging technique, uses a tracer that is in-
ternalized and metabolized and trapped in hypoxic regions
but is not capable of providing a quantitative pO2 information
(4). In addition, EPRI can be employed to monitor temporal
pO2 fluctuations in every few minutes, whereas PET-based
oxygenation assessment can only be used once for a certain
time period.

Monitoring oxygen concentration in the tumor gives in-
sights into metabolic and hemodynamic changes because
these factors are closely related to oxygen delivery and con-
sumption. Quantitative pO2 assessment enables the compar-
ison between different tumors with differing phenotypes at

FIG. 2. Schematics of SPI. (A) The FID after the exci-
tation pulse is digitized using a fast ADC (500 mega
samples/s). (B) The gradients are systematically in-
cremented from a negative maximum to a positive maxi-
mum. (C) The phase imparted on any particular time point
(sp) of the set of FID simulates a gradient–echo response in
the transverse magnetization. A set of FID data was saved
for FT image reconstruction. Each time point of the FID set
contains the full image information. (D) A 1D spatial
profile, that is, 1D SPI, was obtained by FT. ADC, analog–
digital converter; FID, free induction decay; FT, Fourier
transform; SPI, single point imaging. Adapted from Ref.
(38) with permission.

FIG. 3. Estimation of pixelwise pO2 from SPI data sets.
An SPI data set was reassembled from several SPI data sets
obtained by using multiple Gmax settings. Pixels of re-
constructed FID are replotted semilogarithmically. The slope
of the semilogarithmical plot of the FID gives T2*. The EPR
LW can be calculated from T2*. The pO2 value can be ob-
tained from the EPR LW using a calibration curve. Finally,
pO2 values are rearranged onto a matrix. EPR, electron
paramagnetic resonance; pO2, partial pressure of oxygen;
LW, line width. Adapted from Ref. (38) with permission.
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different time points. Noninvasive monitoring also allows us
to keep track of pO2 throughout studies without affecting the
animal by the measurement itself. Here, we demonstrate the
four main uses of EPR oximetry: (i) monitoring oxygenation
kinetics in tumors, (ii) validating hypoxic cancer models, (iii)
coregistration with other imaging modalities, and (iv) treat-
ment response to anticancer therapy.

Monitoring oxygenation kinetics in tumor

Improvements of pulsed EPRI allowed high temporal and
spectral resolution, which enables to monitor kinetics of
oxygenation in tumor. The short scan time allows monitoring
temporal changes in pO2 and the sub mm3 resolution in the
image allows comparison of pO2 between various regions
inside of the tumor. Many solid tumors have regions with
chronic and intermittent hypoxia (9, 40, 66). The phenome-
non of intermittent hypoxia in tumors was reported >30 years
ago and named ‘‘cycling hypoxia’’ (5, 8, 10, 12). EPRI
studies were conducted to distinguish chronic and cycling
hypoxic regions in a tumor. Figure 6 shows the temporal
change of pO2 inside murine SCCVII tumor and human colon
cancer cell line HT29 tumor model (66). EPR images were

taken using the oxygen-sensitive probe Oxo63. SCCVII
tumor is more hypoxic than HT29 tumor. Distinct differences
were also observed in oxygenation kinetics between SCCVII
tumor and HT29 tumor. Both series of oxygen maps clearly
indicate fluctuating oxygen concentrations while the probe
level was stable in both tumors. The magnitude of fluctua-
tions was also different between two tumors. By examining
small areas from both tumors and plotting the temporal
change, it was determined that there are (i) chronic hypoxic
region, (ii) acute hypoxic region, and (iii) nonhypoxic region.
SCCVII tumor has more acute hypoxic regions, whereas
HT29 tumor has more chronic hypoxic regions. Such studies
along with the information available from earlier studies can
provide improved understanding of the relationship between
cycling hypoxia in treatment resistance and metastatic
properties (10, 44).

Validation of hypoxia model

EPR oximetry is also utilized to study the hypoxic models
of tumors in preclinical studies (29, 53, 65). EPRI allows
profiling pO2 across the different groups of tumors as it is
quantitative. By obtaining the characteristics of tumor

FIG. 4. Calibration curves for concentration-dependent LW broadening. (A) Relationship between the concentration
(spin density) of Oxo63 and the extrapolated signal intensity at s = 0 ns. (B) Relationship between the concentration of
Oxo63 and LW at 0 mmHg. Each symbol indicates an independent measurement. Circles indicate 0.25, 0.5, 1.0, and 1.5 mM
Oxo63 solutions. Triangles indicate 0.5, 1.0, 1.5, and 2.0 mM solutions. Squares indicate 1.0, 1.5, 2.0, and 3.0 mM solutions.
Diamonds indicate 5, 10, 15, and 20 mM solutions. Data points >3 mM (marked with open circles) in (B) were used to
observe a linear equation. Inset shows the relationship in an expanded scale of 0–5 mM. Relationship between pO2 and the
oxygen-dependent LW broadenings. (C) LW mapping of a phantom containing 3 mM Oxo63 solutions with different
oxygen levels. (D) Oxygen-dependent LW broadening was obtained after the correction of concentration broadening.
Values are plotted as average – SD of 374 pixels. Image acquisition time for a matrix of 31 · 31 size in three gradient ranges
was 264 s. Adapted from Ref. (38) with permission. To see this illustration in color, the reader is referred to the web version
of this article at www.liebertpub.com/ars
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models, the treatment responses to oxygen-dependent thera-
pies or hypoxia targeting therapies can be predicted. Here, we
describe three examples of validation studies wherein treat-
ment outcomes were associated with the magnitudes of
hypoxia in the tumors.

Radiotherapy. Figure 7 shows the comparison in thera-
peutic effects of radiotherapy between two tumor models in
mice (53). Radiotherapy is known to be oxygen dependent
because the DNA damage induced by radiotherapy is largely
dependent on intracellular oxygen to fix the radiation-
induced damage on the target. As shown in a previous study
(Fig. 6), these tumors differ with each other in their micro-
environmental oxygenation profile. Figure 7A shows repre-
sentative pO2 maps in SCCVII and HT29 tumors implanted
in mouse legs. From the pO2 maps obtained from these tu-
mors, HF10 (fractional tumor volume with pO2 < 10 mmHg)

was computed and the results are shown in Figure 7B. The
results showed that the SCCVII tumor was relatively more
hypoxic than the HT29 tumor. As is also shown in Figure 6,
the SCCVII tumor displayed cycling hypoxia to a larger extent
than the HT29 tumor, a feature associated with prosurvival
pathways, which can confer resistance to treatment. The differ-
ence in tumor oxygenation could influence each tumor’s re-
sponse to irradiation. Figure 7C shows the growth curves of the
nonirradiated SCCVII tumors and the fractionated 30 Gy (10 · 3
Gy) irradiated tumors. X-ray irradiation was started 8 days after
tumor implantation. Tumor suppression was confirmed 2 days
after the beginning of irradiation, and the growth was delayed for
5 days by 30 Gy of irradiation. X-ray irradiation to HT29 tumors
was started 10 days after tumor implantation when the tumor size
was about 700 mm3 which was comparable to that on day 8 with
the SCCVII tumors. The growth kinetics of the irradiated HT29
tumors were almost same as those of the nonirradiated control

FIG. 5. Noninvasive imaging of pO2 in healthy leg (top) and SCCVII tumor-implanted leg (bottom) using EPRI. (A)
T2-weighted anatomical images of a representative healthy mouse and SCCVII tumor-bearing mouse. Yellow arrow in-
dicates tumor. (B) Corresponding pO2 map obtained from EPRI. Black arrow indicates tumor. (C) There was no significant
difference in pO2 between normal muscle tissues with or without tumor bearing as opposed to the significant, lower pO2 in
tumor region of the SCC mouse. (D) T2-weighted anatomical images of a representative SCCVII tumor-bearing mouse.
White line indicates tumor region. (E) pO2 images (axial and coronal) when breathing medical air and 30 min after carbogen
breathing. (F) Histograms of pO2 in the tumor region of the same mouse breathing medical air (blue) and carbogen (red). A
net increase in the median pO2 was noted upon carbogen breathing. Adapted from Ref. (40) with permission. To see this
illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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tumors until 1 day after fractionated 30 Gy irradiation, after
which the tumor shrank (Fig. 7D). The difference in radiation
response in these two tumors was consistent with the relatively
higher median pO2 of the HT29 tumors compared with the
SCCVII tumors.

Hypoxia-activated prodrug. Hypoxia-activated prodrugs
(HAPs) have been developed to selectively target tumor cells
in hypoxic niches that are often refractory to antiproliferative
agents. The most common type of HAP is based on 2-
nitroimidazoles covalently linked to an alkylating nitrogen

FIG. 6. Noninvasive imaging of fluctuating pO2 in SCCVII (A–C) and HT29 (D–F) tumors using EPRI. (A, D) T2-
weighted anatomical image of a representative SCCVII tumor-bearing mouse. Large yellow line indicates tumor region. Four
regions of interest (ROIs) indicated by small white line were chosen for tracing fluctuations of pO2 and spin intensity with
time. (B, E) Corresponding pO2 maps (upper panels) and the tracer level maps (lower panels) were obtained from EPRI.
Tumor region is shown by white line. Time increased from left to right from 4 to 28 min. (C, F) The values of pO2 and the
tracer level in each ROI region were quantified and plotted as a function of time. Adapted from Ref. (66) with permission. To
see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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mustard, Br-isophosphoramide, as a cytotoxic effector, re-
presented by TH-302, which is activated by cytochrome P450
reductase. Pyruvate is reported to enhance the mitochondrial
oxygen consumption and create the temporary hypoxic en-
vironment in several types of tumor xenograft (61, 65).
To verify that pyruvate-induced hypoxia will potentiate
the antitumor effect of TH-302, a serial acquisition of in-
tratumor oxygen mapping after pyruvate injection was per-
formed (48, 61, 65). Figure 8A and B shows the effect of
pyruvate on inducing hypoxia in three cell lines of pancreatic
ductal adenocarcinoma-bearing mouse models. Pyruvate
(1.15 mmol/kg) was administered i.v. and tumor pO2 was
recorded and presented as HF10 (pixels <10 mmHg) of the
entire tumor region. In SU.86.86 and Hs766t tumors, the
greatest decrease in pO2 was observed 30 min after injection,
followed by recovery within 60 min (Fig. 8A). In MiaPaCa-2
tumors, the pO2 continued to decline throughout the experi-
ments without recovery. The HF10 increased significantly in
both MiaPaCa-2 (22%) and Hs766t (12%) tumors, whereas
SU.86.86 showed only 7% increase 30 min after adminis-
tering pyruvate (Fig. 8B). Representative histograms of tu-
mor pO2 demonstrate a significantly decreased pO2 after
pyruvate administration in Hs766t and MiaPaCa-2 tumors
with an increased percentage of HF10. Figure 8C and D
shows the enhanced therapeutic effect of TH-302 induced by
pyruvate injection, causing temporary hypoxia. Mice were
randomly assigned into three treatment groups: (i) saline
control, (ii) TH-302 alone, and (iii) pyruvate+TH-302

(pyruvate 30 min before TH-302). Pyruvate injection did not
show any benefit in survival in SU.86.86 tumors, which were
resistant to TH-302 alone (Fig. 8D, E). This was probably
because they were still well oxygenated even after pyruvate
pretreatment. However, pyruvate injection significantly
prolonged Hs766t survival time (Fig. 8D, E) with 50% of the
animals surviving beyond 54 days, at which time all animals
with other tumors in the study reached an endpoint. Pyruvate
injection induced the greatest decrease in tumor pO2 in
MiaPaCa-2 tumors (Fig. 8A). Such tumors exhibited a sig-
nificant delay in tumor growth by pyruvate injection com-
pared with both saline control and TH-302 monotherapy
groups. By injecting pyruvate before TH-302 treatment, the
time to reach 2000 mm3 was significantly prolonged com-
pared with that of the TH-302 monotherapy group ( p < 0.05),
and overall survival also significantly increased by 9.7 days
( p < 0.005 in the pyruvate+TH-302 treatment group com-
pared with saline control group) (log rank p < 0.05) (Fig. 8C,
D). In this study, EPR oximetry could successfully predict the
treatment efficacy of HAP. This suggests that it can also be
applied for the purposes of developing HAPs with higher
efficacy or selecting the HAPs sensitive tumors based on
extent of hypoxia.

Photoimmunotherapy. Photoimmunotherapy (PIT) is a
modality of photodynamic therapy in which a photosensitizer–
cancer-targeting monoclonal antibody conjugate is used (18,
21, 45, 46, 56). Photochemical reactions represented by Type I

FIG. 7. Oxygen status is associated with the treatment response to radiation therapy. (A) pO2 maps in a SCCVII
tumor and a HT-29 tumor. (B) Percentage of hypoxic fraction (pO2 < 10 mm Hg) in SCCVII tumors (n = 5) and HT-29 tumors
(n = 4). (C, D) Growth curves of SCCVII (n = 7 for each control and irradiated group) and HT-29 (n = 7 for each control and
irradiated group) with (filled circle) and without (open circle) X-irradiation. Adapted from Ref. (53) with permission. To see
this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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FIG. 8. EPR tumor oxygen imaging after pyruvate injection and effect of pyruvate injection on treatment outcome.
(A) EPR oxygen imaging of subcutaneous Hs766t, MiaPaCa-2, and SU.86.86 tumors pre- and post (10–60 min) i.v. pyruvate
administration. Representative T2-weighted anatomical MRI and pO2 maps are provided in N = 4 biological replicates per
tumor type. (B) Temporal changes of percentage hypoxic fraction (<10 mmHg) of pyruvate-treated pancreatic ductal
adenocarcinoma tumors. Data are presented as mean – SD. Proposed histological predictive biomarkers for pyruvate sen-
sitivity. (C) Local tumor control (%) of Hs766t, MiaPaCa-2, and SU.86.86 tumors treated with saline, TH-302 alone (80mg/
kg$5 days I.P.), or TH-302 following a 30 min pretreatment with exogenous pyruvate (1.15mmol/kg pyruvate i.v. 30 min
before 80mg/kg TH-302 I.P.$5 days). Response was measured as percentage of surviving animals as mice are removed from
study when tumors reach 2000 mm3. Pyruvate pretreatment significantly improved local control of Hs766t ( p < 0.00225) and
MiaPaCa-2 tumors with no measurable effect against SU.86.86. (D) Mean survival (days) of mice with pancreatic tumors
treated with TH-302 and TH-302 in combination with pyruvate pretreatment. N = 10 mice per treatment group. A two-tailed
Student’s t-test was used to determine significance. **p < 0.01. Adapted from Ref. (65) with permission. To see this illustration
in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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and Type II are thought to be the main mechanisms of
tumoricidal effect. To verify the oxygen-dependent antitu-
mor effect of PIT, a validation study for hypoxic tumor model
was performed (29) using A431 tumor cell line with a
high expression level of epidermal growth factor receptor.
IR700, a near-infrared absorbing photosensitizer, was conju-
gated with panitumumab and used as the photosensitizer–
immunoconjugate. The A431 tumor was implanted in the right
hind leg and proximal part was compressed by a rubber band to
create hypoxia in the tumor. After rubber band compression
was applied for 30 min to shut down the blood supply to the
tumor, quantitative pO2 changes in tumor pO2 in response to
the intervention were monitored by EPRI. Figure 9A shows
pO2 maps in the A431 tumor-implanted leg taken by EPRI
after the injection of paramagnetic tracer Oxo63. The pO2

maps before compression (left) show well-oxygenated tumor
with focal hypoxic regions. When the tumor pO2 was obtained
30 min after compression, a global pO2 reduction was moni-
tored. The histogram of pO2 showed significant decrease in the
tumor after hypoxia induction by compression. The median
drop in pO2 postligation was >10 mmHg (Fig. 9B). Figure 9C
is the scheme of PIT with the photoimmunoconjugate treat-
ment on four groups of A431 tumor-bearing mice. Figure 9D
shows the effect of hypoxia on treatment response to PIT. The
Kaplan–Meier survival curve shows the diminished thera-

peutic effects of PIT by inducing hypoxia in tumor, supporting
the oxygen dependency of therapeutic effect of PIT.

Coregistration with other imaging modalities

When intratumor pO2 is decreased, there is an abnormal
balance between oxygen delivery and consumption in the
tumor. Thus, to understand the change in oxygenation, the
assessment of closely related factors such as blood perfusion
(oxygen supply) or tumor metabolic profiles (oxygen con-
sumption) provides causative information for hypoxia. In
general, tumor size/stage largely affects the tumor physi-
ology, resulting in altered response to cancer therapy.

Blood volume imaging. Tumor blood vessels are known
to have immature blood vessels with inadequate pericyte
coverage (27, 43, 47), resulting in enhanced capillary leak
and ineffective oxygen delivery. It has been reported that the
tumor hypoxia and its poor vascularity are associated with
larger tumor size (22, 55). The blood volume can be exam-
ined using the blood pool T2* contrast agent ultrasmall su-
perparamagnetic iron oxide particles (USPIO). By comparing
the blood volume imaging with EPRI, it is feasible to in-
vestigate the relationship between tumor size, hypoxic area,
and its vascularity. Figure 10A shows the tumor pO2 maps

FIG. 9. Inguinal ligation with rubber band-induced focal hypoxia and effect of hypoxia induction on treatment
outcome of PIT. (A) Representative EPR images of tumor pre- and postligation. (B) Histogram of pixel values of
intratumor pO2. Pre- (open bar) and postligation (filled bar) (n = 3). Results are mean – SD. (C) Schematic of treatments for
each group. (D) Kaplan–Meier plot shows inhibition of PIT effect on survival. Statistically significant difference p < 0.05
was observed in survival curve between PIT group and PIT+ligation group by log rank test (control group; n = 7, other
groups; n = 6). PIT, photoimmunotherapy. Adapted from Ref. (29) with permission. To see this illustration in color, the
reader is referred to the web version of this article at www.liebertpub.com/ars
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taken by EPRI and blood volume imaging taken by MRI
using USPIO in a representative SCCVII tumor (66). The
EPR oxygen maps showed that the averaged tumor pO2 was
negatively correlated with the tumor size. The pO2 levels
were 14.8 – 1.1, 12.7 – 1.1, and 12.4 – 0.7 mmHg for the
small, medium, and large tumor, respectively. HF10 was
higher in the largest tumor (41.0% – 2.6%) than HF10 in the

small tumor (20.9% – 6.2%). Small tumors were uniformly
covered by blood vessels with a density of 27.7% – 2.1%
compared with the large tumors displaying significant het-
erogeneity, and their density was 8.1% – 2.0%. Similar
tendency in blood vessel density and pO2 was also observed
in HT29 tumors, although not statistically significant
(Fig. 10B).

FIG. 10. The effects of tumor
type and size on oxygenation and
blood volume. Median tumor pO2

and the percentage of hypoxic re-
gion were estimated from EPRI in
(A) SCCVII and (B) HT29 tumors.
Representative pO2 maps at three
tumor sizes are shown in the left
upper panels. Tumor pO2 values
from at least three tumors at each
size are shown in red bar graphs
(n = 3–4). The hypoxic volume, the
percentage of the tumor volume
having pO2 <10 mmHg, was plot-
ted as a line superimposed on the
bar graphs (n = 3–4). Blood volume
images (right panels) were ob-
tained from MRI studies using
USPIO (n = 3–4). MRI, magnetic
resonance imaging; USPIO, ultra-
small superparamagnetic iron ox-
ide particles. *p < 0.05. **p < 0.01.
Adapted from Ref. (66) with per-
mission. To see this illustration in
color, the reader is referred to the
web version of this article at
www.liebertpub.com/ars

FIG. 11. pO2 images in SCCVII
tumors before and after sunitinib
treatment. Longitudinal and three-
dimensional EPR oxygen images
(top). (A) 13C spectroscopic images
of exogenously injected 1-13C-
pyruvate metabolism in an SCCVII
tumor. Insets are 13C MR spectra
averaged over tumor regions. (B)
Artificial images of lactate-to-total
13C (top) and lactate-to-pyruvate
ratios (bottom) calculated from the
spectroscopic images. Adapted
from Ref. (41) with permission. To
see this illustration in color, the
reader is referred to the web ver-
sion of this article at www.lie-
bertpub.com/ars
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Metabolic imaging. The metabolic profile of tumor can
be obtained using a relatively new technique, known as hy-
perpolarized 13C MRI. By hyperpolarizing 13C nuclei via
dynamic nuclear polarization, it is possible to enhance the
13C signal by four orders in magnitude to obtain magnetic
resonance spectroscopy imaging (12, 23, 25). Pyruvate is at a
critical junction of energy metabolism and can proceed to
either lactate (glycolysis) or TCA cycle (oxidative phos-
phorylation). By using 13C1-labeled pyruvate as a probe,
metabolic profiling of tumor cell is possible after injecting
13C1 pyruvate and monitoring its conversion to 13C1 lactate
(1). Tumor cells exhibit aerobic glycolysis also known as
Warburg phenomenon for glucose metabolism and produce
as much as 50% of their ATP by converting pyruvate to
lactate even in the presence of oxygen (17, 64). Besides,
normal tissue is known to produce most of ATP in mito-
chondria by an oxygen-dependent pathway wherein glucose
is eventually converted to CO2 and water. Although the shift
in energy production is regulated by extremely complex
pathways, the resultant upregulation of glucose uptake and
aerobic glycolysis offers an opportunity for diagnoses and
treatments in cancer therapy (17). Especially the cancer cells
located in hypoperfused and hypoxic regions show even
higher rate of aerobic glycolysis for energy production due to
survival with limited amount of oxygen (66). Thus, the
metabolic profile and pO2 status may be related to each other.
Figure 11 shows an example of hyperpolarized 13C MRI
metabolic imaging taken from SCCVII tumor (41). The 13C
MRI was obtained 30 s after the intravenous injection of
hyperpolarized 13C1 pyruvate into SCCVII tumor-bearing
mice. The injected pyruvate is rapidly converted to lactate,
and a strong lactate peak is observed in the tumor region
(Fig. 11A). Parametrically generated lactate-to-pyruvate ra-
tio maps can visually demonstrate the heterogeneous distri-

bution of the lactate-to-pyruvate ratio (Fig. 11B). Although
the image resolution of metabolic imaging is >2 mm, the
extent of aerobic glycolysis in the tumor can be estimated.

Histochemical analysis. To further examine the rela-
tionship between hypoxic phenotype and gene expression in
the same tumor, immunohistochemical analysis can be
combined with EPR oximetry. Since EPR oximetry provides
three-dimensional pO2 maps, the excised tissue can easily be
geometrically coregistered and stained with various anti-
bodies. Figure 12 shows pO2 image-guided histological ex-
periments in which different types of biphasic oxygen
dependency between MCT1 and HIF-1a expression were
observed (42). In moderately hypoxic regions in the tumor
(pO2 = 5–15 mmHg, marked by green line) surrounding a
severely hypoxic core (yellow line), increased expression of
MCT1 as well as overexpression of HIF-1a was observed.
However, the expression level of MCT1 was clearly de-
creased in the severely hypoxic tumor regions, especially
where pO2 was <2–3 mmHg, whereas HIF-1 expression was
high even in severely hypoxic regions when the severely
hypoxic area was relatively small (mouse 1). When the size
of severely hypoxic regions were beyond 2–3 mm (mouse 2),
the expression level of HIF-1 was decreased, consistent with
the biphasic HIF-1 expression pattern near necrosis in a tu-
mor reported in both preclinical models and human tumors in
previous studies. Of note, a decrease in the MCT1 expression
in the severely hypoxic regions was apparent compared with
that of HIF-1a, and the MCT1 expression was almost di-
minished in the tumor regions with pO2 <8–12 mmHg. The
heterogeneous hypoxia-related protein expression levels in-
side of the tumor can be examined with actual hypoxic region
evaluated by EPR oximetry.

FIG. 12. Comparison of
tumor pO2 and MCT1 ex-
pression. After EPR oxygen
imaging and after anatomic
MRI scans, tumor tissue slice
corresponding to the particular
slice of in vivo pO2 map was
excised, and immunostaining
of HIF-1a (blue) and MCT1
(red) was conducted. Adapted
from Ref. (42) with permis-
sion. To see this illustration in
color, the reader is referred to
the web version of this article
at www.liebertpub.com/ars
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Treatment response

The early detection of treatment response in cancer is
useful to select and customize the therapeutic strategy to
cancer. Although computed tomography or MRI can be uti-
lized to indirectly observe the morphological changes, it
usually takes time to show a detectable change and the as-
sessment of quantitative change is difficult. Since EPR is the
method for direct mapping of quantitative pO2 measurement,
the treatment response can be observed and tracked over time
by EPR oximetry which is influenced by the metabolic or
perfusion change. Figure 13 shows the treatment response in
oxygen maps to vascular endothelial growth factor (VEGF)
inhibitor sunitinib (39). Figure 13A shows the change in in-
tratumor oximetry after sunitinib treatment using SCCVII
murine carcinoma model. Mice were treated daily with oral
administration of 50 mg/kg sunitinib. Interestingly, in the
study, the improved intratumor oxygenation was observed at
days 4 and 6 after sunitinib treatment (Fig. 13B, D), although
the blood volume decreased (Fig. 13C, E). This explains the

paradox that many previous studies indicated a significant
survival benefit in patients when VEGF inhibitors are com-
bined with other chemotherapies or radiotherapy, although
these drugs are likely to decrease blood delivery and other
chemotherapies resulting in decreased efficacy of the treat-
ment. This transient oxygenation after antiangiogenic ther-
apy is known as ‘‘vascular normalization’’ process where the
immature vessels are pruned while the rest mature into
structurally competent vessels with improved function.
Mammalian target of rapamycin (mTOR) inhibitor, rapa-
mycin, was also examined by a similar technique and was
found to have a vascular normalization process (54), which
is consistent with the previous report of the antiangiogenic
effects of rapamycin observed in a tumor-bearing mouse
model, showing decreased VEGF production and resistance
of endothelial cells to VEGF stimulation (32). By clarifying
the kinetics of oxygenation in such a manner, EPR can lead
to effective combination therapies with oxygen-dependent
therapy such as radiotherapy with hypoxia-activated pro-
drugs such as TH-302.

FIG. 13. Tumor pO2 and blood volume imaging before and after antiangiogenic treatment initiated at the later
stage of tumor. (A) Initiation of antiangiogenic treatment at the later stage of tumor improved tumor oxygenation (top) and
reduced tumor blood volume (bottom) without a significant change in tumor size. The tumors were plotted by green lines.
(B, C) Frequency histograms (percentage of voxels with a given pO2 and blood volume) before and 4 days after antiangiogenic
treatment showed a clear right shift in pO2 but a shift in blood volume. (D) Quantitation of pO2 changes in sunitinib-treated and
control mice. *p < 0.05. (E) Tumor blood volume decreased *45% 4 days after treatment initiated at the later stage of tumor.
Sunit, sunitinib. Sunit 10-4, fourth day after treatment of a tumor 10 days after implantation. Adapted from Ref. (39) with
permission. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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Conclusions

The development of EPR oximetry allowed studying the
intratumor pO2 kinetics quantitatively. Since the hypoxia in
tumors is associated with malignancy, therapy resistance, and
metastasis, it is of great importance to monitor pO2 in the
tumors. Combining EPR oximetry with various other imag-
ing techniques or histological analyses is also useful to elu-
cidate the heterogeneous intratumor metabolism. It will
further help developing and optimizing the therapies whose
effect is dependent on pO2 in the tumor.
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