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ABSTRACT

A novel continuous wave (CW), radiofrequency (RF), electron paramagnetic resonance (EPR) oximetric imag-
ing technique is proposed, based on the influence of oxygen concentration on the RF power saturation of the
EPR resonance. A linear relationship is demonstrated between the partial oxygen pressure (pO2) and the nor-
malized signal intensity (IN), defined as, IN � (IHP � ILP)/ILP, where ILP and IHP refer to signal intensities at
low (PL) and high (PH) RF power levels, respectively. A formula for the determination of pO2, derived on the
basis of the experimental results, reliably estimated various oxygen concentrations in a five-tube phantom.
This new technique was time-efficient and also avoided the missing angle problem associated with conven-
tional spectral-spatial CW EPR oximetric imaging. In vivo power saturation oximetric imaging in a tumor
bearing mouse clearly depicted the hypoxic foci within the tumor. Antioxid. Redox Signal. 9, 1709–1716.
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INTRODUCTION

MANY HUMAN TUMORS contain a significant fraction of 
hypoxic cells, because of uncontrolled cell growth and

insufficient vascularization (23, 30). Tumor hypoxia is a typi-
cal pathophysiologic property that occurs across a wide variety
of human malignancies. The low oxygen tension within tumors
confers resistance to both radiotherapy and chemotherapy, and
in many cases correlates with poor prognosis (30). Measure-
ment of pO2 in hypoxic tumors may help in better understand-
ing of treatment resistance, and more effectively predict the out-
come of therapies. Hence, there is significant interest in the

development of noninvasive imaging techniques such as mag-
netic resonance imaging (MRI), Overhauser-enhanced MRI,
positron-emission tomography (PET), and electron paramag-
netic resonance imaging (EPRI), to evaluate the oxygenation
status and heterogeneity of hypoxia in tumors (6, 13, 23–25,
35). Among the various techniques, direct and quantitative mea-
surement of oxygen is possible only by EPRI (8, 14, 15, 28).

The principle of oximetry by EPR is based on the paramag-
netic nature of molecular oxygen and its interaction with the
paramagnetic EPR spin probe. The effect of oxygen on the spec-
tral properties of an exogenous spin probe can be explained by
bimolecular collisions and the associated magnetic interactions
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that cause, via Heisenberg exchange, changes in relaxation
times. Bimolecular collisions of molecular oxygen with spin
probes also alter both the spin–lattice and spin–spin relaxation
times. The various possible methods for observation of these
collisions may be classified as T1-sensitive or T2-sensitive and
are treated in detail by Hyde and Subczynski (10). Therefore,
the effects of O2 on EPR spectra can be distinguished as T1 and
T2 effects. Correlation of EPR spectral linewidths with oxygen
concentration forms the basis of EPR oximetry by T2- or
linewidth-sensitive methods (7, 16, 27). If narrow-line para-
magnetic probes such as the trityl radicals are employed, this
broadening provides a means of measuring O2 concentration in
vivo (17, 32). But the outcome of this method depends on the
line shape of the EPR of the spin probe. For homogeneous lines,
described by a Lorentzian line shape, it is easier to detect small
changes in linewidth through changes in the signal height.

There are different approaches for T2-sensitive EPR oxime-
try that use either the continuous wave (CW) modality (con-
stant frequency with a field sweep) or the time-domain (termed
often Fourier transform, FT) modality (33). Recently, two dif-
ferent approaches, called relaxo-oximetry and constant time
spectral-spatial imaging are reported for in vivo pO2 measure-
ments (22, 26). Nevertheless, spectral-spatial imaging, by CW
EPR is the widely used technique for encoding oxygen-depen-
dent linewidth into pO2 (4, 15, 18). In the spectral-spatial EPR
imaging modality, projections at higher gradients require long
scanning time. For example, for an image of 16 spectral pro-
jections, nearly half of the scanning time is taken up by the two
highest gradient projections. Missing angle algorithms have
been proposed for reducing the spectral-spatial imaging time.
Nevertheless, these algorithms do not minimize the problem of
long scan times. Although EPR line broadening has been use-
ful for oximetry, the unresolved hyperfine splitting can broaden
the lines of the spin probe, which may decrease the relative con-
tribution of O2 broadening to the overall linewidth.

The physical interaction of the spin probe with O2 via Heisen-
berg exchange causes spectral broadening by decreasing T2. In
addition, the spin–lattice relaxation of O2 is so short that every
collision of spin probe with O2 results in a coupling to the lat-
tice and a decrease in the effective T1 of the spin probe. Re-
laxation times have the potential of being more sensitive than
linewidths to O2 concentration. T1-sensitive experiments in-
clude pulsed saturation-recovery, continuous wave saturation,
and rapid passage displays (11, 14). Historically, the first suc-
cessful application of T1-sensitive oximetry method was the de-
velopment of saturation transfer (ST) EPR spectroscopy (29).
ST-EPR has been used in nonconventional ways to determine
spin–lattice relaxation enhancements by processes other than
rotational diffusion (19, 20). Oxygen permeation profiles in
lipid membranes have been computed from the T1-relaxation
enhancements determined by nonlinear EPR (3). Progressive
saturation EPR, a well-established EPR method, has been used
extensively with considerable success for spin–label localiza-
tion in conjunction with site-directed spin labeling (1, 3, 31).
CW ELDOR is also reported to be a simpler T1-sensitive oxi-
metric method (11). But, to our knowledge, EPRI based on CW
EPR progressive saturation has not been used to obtain quan-
titative oxygen concentration in imaging experiments.

Here, it is demonstrated for the first time that EPR imaging
using CW RF power saturation is an adequate and easy method

for mapping spatial distribution of pO2. This new method of
oximetric imaging is simple and easy to implement, and does
not require large gradients as well as long scan times.

Spin-lattice relaxation enhancements

The spin-lattice relaxation time (T1) can be expressed as:

1/T1 � 1/T1
0 � �(1/T1) [Eq. 1]

where T1
0 is the intrinsic spin–lattice relaxation time and

�(1/T1) is the enhancement in spin–lattice relaxation rate. For
Heisenberg exchange, the enhancement in spin–lattice relax-
ation rate, �(1/T1), is given by:

�(1/T1) � kRL � [O2] [Eq. 2]

Here [O2] is the oxygen concentration, and kRL is the rate con-
stant for collision in the case of Heisenberg spin exchange.
Since Heisenberg exchange is a contact interaction, it has been
used for studying spin label localization within the phospho-
lipids bilayers (1, 21, 31). We propose here to exploit this type
of interaction at the macroscopic level to determine spatially
resolved oxygen concentration by EPRI. Oxygen maps may also
be obtained with variable microwave power levels, since satu-
ration depends on oxygen concentration. The peak-to-peak am-
plitude of the first derivative absorption spectrum, Y� can be
given by,

Y� � K � P1/2 � (1 � P/P1/2)�1.5 [Eq. 3]

Here K is a proportionality constant, P is the microwave power,
and P1/2 is the microwave power required to saturate the signal
to one-half of the amplitude of the spectrum where there is no
saturation. The half saturation parameter in the absence (P°1/2)
and presence (P1/2) of O2 can be expressed as

P1/2 � P°1/2 � C� � [O2] [Eq. 4]

C� is a parameter that reflects the accessibility of the spin probe
to oxygen. The magnetic component of the RF field is given
by:

B1 � � � P1/2 [Eq. 5]

Here � is a constant depending on the properties of the res-
onator and P is incident microwave power. At very low power,
the signal increases as the square root of P, whereas at high
power, it decreases as 1/P.

The saturation of a homogeneously broadened conventional
EPR line with increasing B1 field is given by:

S(B1) � S0 � B1 / (1 � �e
2 � B1

2 � T1 � T2
eff)p [Eq. 6]

where, for a completely inhomogeneously broadened line, the
exponent is p � 1/2 for the absorption (21) . Equation [6] with
p � 1/2 also holds good for the integrated spectral intensity in
the presence of rotational motion and of Zeeman field modu-
lation (22). For inhomogeneously broadened EPR line, at large

HAMA ET AL.1710



B1 such that 1 /�B1 	 T2 	 T1 the susceptibility 
� may be ap-
proximated to (9):


� � 1 / �B1T1 [Eq. 7]

Thus, the intensity of the resonance mainly depends upon the T1

relaxation at high B1 field. The relative decrease of T1 by O2 can
be inferred by studying the saturation of the EPR signal at high
RF power. For nitroxide radicals at modest RF powers, the RF
power level needed for saturation is very high. The narrow line
trityl radicals can be readily saturated. In addition, the T1 values
of trityl radicals show only a very slight increase with increased
viscosity, which is in contrast with observations on nitroxyl radi-
cals (34). The negligible viscosity dependence of T1 and strong
dependence on oxygen concentration makes it an attractive probe
for oximetry. To make a quantitative estimate of pO2 the satura-
tion of the resonance at two different power levels may be utilized.
For this purpose, we have used the normalized signal intensity (IN)

IN � (IHP � ILP) / ILP [Eq. 8]

as a predictive variable of pO2 under various RF power levels.
Here, IHP is the signal intensity at high power and ILP is the
signal intensity at low power. By using the regression line cal-
culated by IN and pO2 values, power saturation oximetric imag-
ing accurately demonstrated the pO2 distribution.

MATERIALS AND METHODS

Continuous wave EPR imager

The imaging experiments were performed using a homebuilt
EPR system that operates at a frequency of 300 MHz, corre-
sponding to a resonant magnetic field of 10.8 mT (12). A Litz

coil resonator (Doty Scientific, Columbia, SC) (30 mm diame-
ter and 30 mm length) was used for EPR imaging. The exper-
imental parameters for image acquisition were as follows; mi-
crowave power: 0.25, 4.1, 8.1, 16, 33, 65, and 130 mW, scan
time: 2 s, time constant: 0.003 s, modulation amplitude: 0.18G,
modulation frequency: 13.5 kHz, gradient: 1.0 G/cm.

Preparation of phantom

A phantom was made with five identical tubes (inner diam-
eter, 4.8 mm), each filled with 500 �L of 2 mM Oxo63, (tris[8-
carboxy-2,2,6,6-tetrakis(2-hydroxymethyl)benzo[1,2-d:4,5-d�]
bis(1,3)dithio-4-yl] methyl radical) solution (2, 5). Oxo63 so-
lutions in the tubes were saturated with argon gas (0% oxygen),
nitrogen–oxygen mixture containing 5%, 10%, 15% oxygen and
air (21% oxygen) at room temperature for 30 min.

EPR image data acquisition and processing:

A total of 18 projections were acquired with a field gradient
of 1.0 G/cm, a sweep width of 4.0 G, and a field of view (FOV)
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TABLE 1. THE SLOPE AND THE PEARSON’S CORRELATION

COEFFICIENT FOR THE TWO VARIABLES (PO2 AND IN) 
FOR DIFFERENT RADIOFREQUENCY POWER LEVELS

Power levels Pearson’s correlation
PH (mW)/PL (mW) Slope (SL) coefficient (r)*

4.1/0.25 0.0257 0.929
8.1/0.25 0.0326 0.925
16/0.25 0.0755 0.982
33/0.25 0.1212 0.997
65/0.25 0.2805 0.995
130/0.25 0.3977 0.996

*Any r value of �0.9 was considered statistically significant.

FIG. 1. Plot showing the rela-
tionship between the radiofre-
quency power level and the sig-
nal intensity in various partial
oxygen pressures (pO2). (a)
pO2 � 0%; (b) pO2 � 10%; (c)
pO2 � 21%. Normalized signal
intensity (IN) in various radiofre-
quency power levels was calcu-
lated and the relationship be-
tween pO2 and IN was shown in
(d): relationship between the nor-
malized signal intensity (IN) and
partial oxygen pressure (pO2)
measured for different levels of
PH. Significant linear relationship
was demonstrated in all radiofre-
quency power sets. IN � (IHP �
ILP)/ILP, IHP: signal intensity at
high power, ILP: signal intensity
at low power (� 0.25 mW). P1 �
0.25 mW, P2 � 4.1 mW, P3 �
8.1 mW, P4 � 16 mW, P5 � 33
mW, P6 � 65 mW, P7 � 130
mW.

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2007.1720&iName=master.img-000.jpg&w=336&h=249


of 40 mm 
 40 mm. Image reconstruction was performed using
filtered back projection algorithm on a personal computer. Two
EPR imaging data sets were acquired sequentially at low and
high RF powers (PL and PH, respectively). Signal intensities were
assessed by drawing a square-shaped region of interest (ROI)
(6 
 6 pixel) in each tube, using the ImageJ software package
(developed at the United States National Institutes of Health and
available on the Internet at http://rsb.info.nih.gov/ij/, accessed
July 1, 2007). The normalized signal intensity (IN) was calcu-
lated according to the equation Eq. [8]. The regression analysis
was performed using the Microsoft Excel 2003 (Microsoft, Red-
mond, WA). The relationship between the slope of each regres-
sion line and the normalized RF power (PN) given by:

PN � (PH
1/2 � PL

1/2) / PL
1/2 [Eq. 9]

and was also derived by calculating a regression line to obtain
a generalized formula for the calculation of the pO2. Pearson’s
product moment correlation coefficients (r) were computed for

analysis of relationship between the pO2 and IN, and between
PN and the slope of pO2 and IN. Any r value of � 0.9 was con-
sidered statistically significant.

RESULTS

To verify the RF power saturation effects, line broadening
was initially measured at various RF powers, P � 0.25, 4.1, 8.1,
16, 33, 65, and 130 mW (hereafter referred to as P1 to P7, re-
spectively), using a five-tube phantom filled with 500 �L of 2
mM Oxo63 maintained at different oxygen concentrations as
described earlier. For RF power level 	4 mW, no significant
saturation-induced broadening was observed. Therefore, power
levels �4 mW were used for high power measurements for oxi-
metric imaging. However, the low power (PL) was chosen to
be fixed at 0.25 mW throughout the study because 0.25 mW
was the maximally available level of the power where there is
no saturation. Normalized EPR signal intensities of Oxo63 for
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FIG. 2. Relationship between the nor-
malized radiofrequency power (PN) and
the slope of regression line (SL). The
normalized radiofrequency power was cal-
culated as: PN � (PH

1/2 � PL
1/2) / PL

1/2.
Significant linear relationship between PN
and S is demonstrated (r � 0.989). The re-
gression line is defined by the equation:
SL � �0.0626 � 0.0212 � PN.

FIG. 3. Two-dimensional oximetric
imaging of a five-tube phantom. (a)
Spatial arrangement and characteristics of
the phantom consisting of five cylindrical
tubes of 4.8 mm internal diameter, each
containing 2 mM aqueous solution of
Oxo63 saturated with at different pO2 lev-
els (indicated in percent). (b) Signal inten-
sity map obtained by low radiofrequency
power (0.25 mW). (c) Signal intensity map
obtained by high radiofrequency power
(130 mW). (d) Oxygen map calculated
from the two images b and c. (e) Color-
coded oximetric image. Color bar indicates
the pO2 levels.

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2007.1720&iName=master.img-001.jpg&w=300&h=194
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various oxygen concentrations were computed and relationship
between pO2 and IN was obtained for various PH values (Fig.
1). A significant linear relationship between pO2 and IN was
observed for all different power levels. The statistical parame-
ters, the Pearson’s correlation coefficient (r) and the slope of
each regression line (SL), are collected in Table 1. The strong
correlation, observed for PH � 33 mW, suggests that for better
accuracy of oximetric imaging by this technique, the PH needs
to be at least as high as 33 mW. The slope of each regression
line increased progressively with the magnitude of power used
for saturation, suggesting that the sensitivity of the method de-
pends upon the high power level (PH) used in the experiment.
The intercept (IN at pO2 � 0), computed from these various ex-
periments, was found to be 2.17 � 0.45 (mean � standard de-
viation) following the relation,

IN � 2.17 � SL � pO2 [Eq. 10]

Using the values of the slope (Table 1), relationship between
the normalized power (PN) and the slope (SL) was obtained by
the data given in Table 1.

SL � �0.0626 � 0.0212 � PN [Eq. 11]

Significant linear relationship (Fig. 2) between the two vari-
ables (PN and SL) was observed (r � 0.989). Using Eq. [10] and

Eq. [11], the spatial distribution of oxygen concentration was
computed from intensity images acquired at two different power
levels. Two-dimensional oximetric images obtained by using
low (P1) and high (P7) RF power are presented in Fig. 3. Dif-
ferences in pO2 among the five tubes can be readily recognized
(Figs. 3d and e). We have also computed the pO2 of each tube
using Eq. [10] and Eq. [11] and compared them with the ex-
pected values in Fig. 4. For high power levels PH, P7 (130 mW)
and P6 (65 mW) were selected, because better correlation and
higher SL values were observed (Fig. 1). The linear relation-
ship between the given pO2 and the estimated pO2 from the
oximetric images is significant for both the power levels (r �
0.998 for P7/P1, r � 0.994 for P6/P1), validating the viability
of this technique. For a comparative evaluation of the perfor-
mance of the power saturation method, oximetric imaging of a
phantom was performed by projection reconstruction spectral-
spatial imaging (PRSSI) using the same EPR imager and the
results are presented in Fig. 5. The image acquisition parame-
ters are given in Table 2. The quality and the resolution of power
saturation image were feasible in a phantom study with sub-
stantially shorter acquisition time compared to the PRSSI. To
examine the feasibility of the power saturation imaging ap-
proach in vivo, a tumor bearing mouse was imaged at two power
levels (P1 and P7). The resultant power saturation image en-
coding the pO2 demonstrated a semiquantitative discrimination
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FIG. 4. Plot illustrating the accuracy the power
saturation method to estimate the pO2. r �
0.994 and slope � 1.06 for P6/P1, r � 0.998 and
slope � 1.02 for P7/P1.

TABLE 2. COMPARISON OF IMAGE ACQUISITION PARAMETERS

Imaging methods Number of Maximum gradient
(figure number) projections Time required (G/cm)

Power saturation image 18 
 2 � 3600 10 min 12 s 0.5
(Fig. 5b) (17 s 
 36 � 612 s)

PRSSI 19 
 18 � 342 1 h 36 min 54 s 4.0
(Fig. 5c) (17 s 
 342 � 5814 s)

Sweep time, number of points, modulation amplitude, time constant, field of view, and number of averaging
are same between the two image acquisition methods: sweep time � 17 s (including 1 s for reversing the mag-
netic field), number of points � 1024, modulation frequency � 13.5 kHz, modulation amplitude � 0.18 G, time
constant � 0.1 s, field of view � 40 
 40 mm, number of averaging � 1. PRSSI: projection reconstruction
spectral-spatial imaging.

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2007.1720&iName=master.img-003.jpg&w=276&h=194


between normoxic (left, normal leg) and hypoxic (right, tumor)
(Fig. 6). The image acquisition parameters were the same as
those used in the phantom study.

DISCUSSION

As indicated earlier, the spectral-spatial imaging by CW EPR
is the widely used technique for encoding oxygen-dependent
linewidth into pO2. Results of this study demonstrate that the
saturation effects, evoked by high RF power, and the eventual
signal intensity changes might be applicable to noninvasive and
quantitative assessment of oxygen concentration. The results
presented in Fig. 5, show that while the PRSSI gives a near dis-
tortion-free image, the discriminating performance of the power

saturation technique was comparable or superior. The spectral-
spatial imaging uses linewidth of paramagnetic spin probes be-
cause it is proportional to pO2 unless there is no power satura-
tion. To obtain a 2D oximetric image, data for a 3D image (2D
spatial and 1D spectral) is to be acquired (22). In contrast, the
power saturation method directly maps 2D oxygen concentra-
tion from just two (one low power and one high power) 2D spa-
tial images. Fair comparison between the PRSSI and the power
saturation imaging is impossible due to the substantial differ-
ences in image acquisition method, but the short acquisition
time with acceptable quality in power saturation imaging indi-
cates the power saturation imaging method is feasible for oxi-
metric imaging.

We envisage yet another advantage for the power saturation
technique. The dynamic range of IN values is relatively high.
For example, for PH of 130 mW, the dynamic range in IN is
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FIG. 6. In vivo power saturation oximet-
ric image of the tumor-bearing mouse.
Power saturation image obtained by two
different radiofrequency power levels (0.25
and 130 mW) clearly depicts the hypoxic
foci of the tumor (squamous cell carci-
noma) (arrowheads) in the left leg (Lt). Rt:
normal leg; Lt: tumor-bearing leg. A female
C3H mouse with SCC tumor on the right
hind leg was anesthetized by 1.5% isoflu-
rane in medical air flow (700 mL/min).
Oxo63 was administrated by a bolus i.v. in-
jection (0.75 μmol/g b.w./min) followed by
a continuous i.v. infusion (0.06 �mol/g
b.w./min). The image data acquisition was
as described in the text.

FIG. 5. Oximetric imaging of a five tube
phantom performed by projection re-
construction spectral-spatial imaging
and power saturation method. Spatial
arrangement and characteristics of the
phantom containing 2 mM Oxo63 aqueous
solution with different pO2 levels are the
same as that used in Fig. 3. (a) Power sat-
uration image obtained by two different ra-
diofrequency power levels (0.25 and 130
mW). (b) Projection reconstruction spec-
tral-spatial image. (c) and (d) Color-coded
oximetric images of a and b, respectively.
Color bar indicates the pO2 levels in each
image.

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2007.1720&iName=master.img-004.jpg&w=300&h=171
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0.853 (log [9.956/1.397]). For the linewidth based PRSSI, dy-
namic range in the linewidth variation is 0.165 (log
[0.259/0.177]), because the linewidth changes from 0.177 G at
0% pO2 to 0.259 G at 21% pO2. For the conventional spatial
EPR image (Fig. 3b), dynamic range in the signal intensity is
0.226 (log [214.6/127.7]), because the signal intensities of 0%
pO2 and 21% pO2 are 214.6 and 127.7 in arbitrary unit (a.u.),
respectively. The superior dynamic range in IN may be useful
when hypoxic and normoxic cores are present in an object to
be imaged simultaneously. One may expect the high RF power
used in this technique to pose some problems when this tech-
nique is extended to quantitative in vivo oximetric imaging stud-
ies. But our initial investigations show that even for a high
power of 130 mW, there was no increase in the rectal temper-
ature of mouse (data not shown). In spatial EPR imaging an in-
tensity map represents the free radial distribution but it is
blurred depending on the spectrum lineshape of the spin probe.
Since the lineshape as well as the linewidth will change due to
the power saturation effect, convolution and deconvolution 
approach cannot be applied in the current power saturation
imaging technique. To establish the quantitative in vivo power
saturation oximetric imaging, further investigations which elim-
inate the confounding factors (e.g., image blurring, dose opti-
mization of the spin probe) are necessary. The current in vivo
oximetric image was not given quantitatively, however, the high
dynamic range, the short data acquisition time and no signifi-
cant heating effects may allow us to further investigate the quan-
titative in vivo oximetric imaging using the power saturation
technique.

In conclusion, this preliminary study demonstrates that CW
EPR power saturation technique is feasible for oximetric imag-
ing as a rapid and highly discriminating method.
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