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Proton–electron double resonance imaging (PEDRI) has been utilized for indirect determination of oxy-
gen concentrations in aqueous samples and living systems. Due to the complexity of the problem, there
are seven oxygen related parameters that need to be measured to determine the distribution of oxygen.
We present an improved approach in which image intensities from only two PEDRI acquisitions with dif-
ferent EPR irradiation powers are required to determine the distribution of a paramagnetic probe and
oxygen in an analyzed sample. This is achieved using three reference samples with known concentrations
of a paramagnetic probe and oxygen placed inside the resonator together with the measurement sample.
An EPR-off image, which has low signal intensity at low magnetic field (0.02 T) is not required for the cal-
culations, significantly reducing the total time of the experiments and the noise while enhancing the
accuracy of these oxygen measurements. The Finland trityl radical was used as the paramagnetic probe
and oxygen concentrations could be accurately measured and imaged over the physiological range from 0
to 240 lM.

Published by Elsevier Inc.
1. Introduction

The concentration of dissolved molecular oxygen in organs, tis-
sues and cells of a living organism is directly affected by many
physiological and pathophysiological processes. Therefore, to
understand normal physiology and disease it is important to be
able to accurately measure oxygen concentration. Invasive meth-
ods, for example, using oxygen sensitive electrodes, have many
disadvantages, including the fact that the electrodes need to be
placed directly in the tissue causing local injury. Their ability to
absorb oxygen can also affect the accuracy of the measurements.
Noninvasive methods are mostly based on magnetic resonance
techniques, both spectroscopic and imaging. MRI methods have
found many applications for oximetry measurements, including
19F MRI oximetry and 1H blood oxygen level-dependent MRI [1]
but with relatively low sensitivity. Higher sensitivity to oxygen
can be achieved using exogenous paramagnetic probes due to the
presence of a single electron based substance [2–4]. Electron para-
magnetic resonance imaging (EPRI) methods provide functional
information but typically do not provide complementary anatom-
ical structure as can be obtained with proton MRI.

Proton–electron double resonance imaging (PEDRI) is one of the
promising noninvasive methods to indirectly measure the concen-
tration of oxygen. In this technique, proton MRI is acquired while
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iversity, 473 W. 12th Avenue,
47 7845.
).
irradiating and saturating the electron spin system [5,6]. This
double resonance technique couples the spatial resolution of MRI
with the functional sensitivity of EPR. As a result, NMR signal inten-
sity of the magnetically coupled water protons can be significantly
increased in the regions where the paramagnetic probe is present.
Enhancement of the nuclear polarization in solutions occurs via di-
pole – dipole interaction and depends on several factors, such as:
(1) EPR spectral characteristic; (2) concentration of the paramag-
netic probe; (3) relaxivity in the solution; (4) the electron relaxation
times of the probe; and (5) applied RF power for EPR saturation. The
term ‘‘relaxivity’’ refers to the ability of the probe to alter tissue
relaxation rates, T�1

1 and T�1
2 , per probe unit concentration. This ef-

fect of spin polarization transfer, initially proposed by Overhauser
[6], has found many applications since its discovery [5,7]. A special
class of trityl radicals, tetrathiotriaryl methyl (TAM) radicals is very
well suited for PEDRI experiments as they exhibit relatively long
electron relaxation times and, therefore, a sharp single line EPR
spectrum [8–14]. Low toxicity and good stability allow these probes
to be used for in vitro as well as in vivo experiments [15].

A decade ago in vivo PEDRI was applied for determining the tis-
sue oxygen status of small animals by several research groups
[16,17]. It was found that two images acquired at different EPR
irradiation powers and one EPR-off image are needed to determine
the concentration of the probe and oxygen using the following
equations [17]
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Fig. 1. Structure of the Finland trityl radical.

198 O.V. Efimova et al. / Journal of Magnetic Resonance 212 (2011) 197–203
and

Can
O2¼ð1=a1Þ B2

AB2
B Ian

A � Ian
B

� �
= B2

AIan
B �B2

BIan
A

� �h i1=2
�a2Can

R �a3

� 	
ð2Þ

where Can
R is the concentration of the paramagnetic probe in an ana-

lyzed sample, Can
O2 is the concentration of oxygen in an analyzed

sample, E�inf ¼ Einf ½1� expð�TEPR=T1Þ�, T1 is the proton relaxation
time, and Einf is the enhancement at infinite EPR RF power and infi-
nite concentration of the paramagnetic probe. Ian

A and Ian
B are image

intensities of an analyzed sample obtained at BA and BB, respec-
tively, and normalized with respect to the EPR-off image. BA(B) is
the magnetic component of EPR RF field. A set of parameters that
needs to be known prior to the PEDRI experiments are r (relaxivity
of the paramagnetic probe), Einf and T10 (proton relaxation time in
the absence of the probe). Other parameters a1, a2, a3 and a, which
denote line broadening due to the presence of oxygen, concentra-
tion broadening, intrinsic line width and EPR resonator efficiency,
correspondingly, are also needed and should be determined exper-
imentally [18]. a1, a2, a3 are instrument independent parameters of
the probe solution and can be measured in separate experiments. a
is a characteristic parameter of the instrumental setup and can be
measured (for example) by the method of perturbing spheres
[19]. However, the resonator efficiency can vary significantly from
experiment to experiment and is dependent on the coupling and
sample loading of the resonator. The efficiency of the loaded resona-
tor is not only due to the resonator itself, but it is also characteristic
of the sample. Sample size and geometry, its dielectric loss and
positioning in the resonator control the efficiency a. Changing or
even repositioning of the sample will affect a, especially in case of
in vivo applications. Therefore, a can be determined in a separate
experiment only if the load precisely matches the load of the mea-
sured object, which is practically impossible for in vivo applications.
In previous research [18], parameters T10, a1, a2, a3 and r were deter-
mined at 37 �C in full blood using EPR, NMR and DNP methods.

In order to use formulas (1) and (2), EPR-on image intensities
should be normalized with respect to the corresponding EPR-off
image, but obtaining a good quality EPR-off image is usually a chal-
lenge at 0.02 T due to the low sensitivity of low field MRI. As a re-
sult, dividing a PEDRI image by a noisy MRI image gives significant
variability in resulting values which can reach infinities at pixels
where the MRI image intensities are very low. Therefore, it would
be highly desirable to develop an approach to modify existing
methods in order to eliminate the necessity for the EPR-off image.

In this report, we propose an improved approach to conduct
PEDRI oximetry experiments. Specifically, this involves the inclu-
sion of three reference samples with known concentrations of
the probe and oxygen placed together with the sample or animal
to be analyzed. This method does not require knowledge of indi-
vidual values of any parameters defined above, which in the past
had to be determined in a separate set of experiments introducing
additional experimental error. Another advantage of the proposed
method is that the EPR-off image is not required for the calcula-
tions of oxygen concentration. With our new approach only two
images at different EPR powers are needed. Thus, the PEDRI ap-
proach presented in this paper improves the technique by reducing
the number of acquisitions needed and, therefore, the total time re-
quired for these experiments.
2. Materials and methods

2.1. Chemicals

The water soluble Finland trityl radical was used as a paramag-
netic probe [20]. Structure of this probe is shown in Fig. 1. The
anaerobic EPR peak-to-peak linewidth is 90 mG.
2.2. Phantom

A phantom was constructed of sealed glass tubes, three tubes of
4 mm and one of 8 mm internal diameter. A diagram of the phan-
tom is shown in Fig. 2A. Three reference tubes were filled with
1 mM (Ref. [1]) or 2 mM (Refs. [2,3]) solutions of the probe. The
bigger tube – ‘‘analyzed sample’’ (S) contained 1.5 mM probe solu-
tion. These tubes were placed inside a 30 mm diameter plastic tube
and outer volume was filled with 60 ml 10% saline (0.09% NaCl) to
increase the load of the resonator, simulating an in vivo mouse
experiment. Reference solutions 1 and 2 did not contain oxygen;
the third solution was equilibrated with air (oxygen concentration
0.24 mM). Two phantom images acquired at two different EPR irra-
diation powers are shown on Fig. 2B (0.8 W) and C (3.2 W). The cal-
culated maps of the probe and oxygen concentrations are shown
on Fig. 2D and E, respectively, with the spatial resolution of
0.5 mm and functional resolution of 0.01 mM for oxygen. MRI sig-
nal intensities of the reference tubes, shown on Fig. 2F, differ by
3.1% from the MRI signal intensity of the analyzed sample, i.e.
I1
0=Ian

0 � 1 (notation of the symbols is described in Table 2).
2.3. NMR console

Individual parts of the imaging system are controlled by a cus-
tomized MRRS MR 5000 console (MR Solutions Inc., Surrey, UK),
including gradient hardware, the RF system, and the magnet shim
coils. The console is used for image acquisition and post-
processing.
2.4. Magnet and resonators’ assembly

The main vertical magnetic field with a gap of 50 cm between
the magnet poles was generated by a water-cooled iron core Res-
onex 5000/Paradigm resistive magnet (Resonex Corp., Sunnyvale,
CA). NMR detection field homogeneity of better than 50 ppm over
a sample of size 50 � 40 � 40 cm placed at its isocenter is achieved
by a set of 24 active shims. Danfysik MPS 854/SYS 8000 power sup-
ply is used to power the magnet. Magnetic field of 0.02 T was used
for this study with the maximum of 0.38 T possible with the cur-
rent setup. Current regulation of the magnetic field relies on the
high precision manually adjustable reference voltage. This pro-
vides stability better than 0.5 ppm/h of the current and, therefore,
of the magnetic field. EPR transmit system is based on a modified
Alderman–Grant design resonator with capacitive coupling in
combination with a typical solenoidal coil for the NMR channel
[21]. EPR radiation power was measured by a power meter (RF
Power Analyst, model 4391A), placed between the EPR RF power
amplifier and the EPR resonator. The AG resonator used for this
work has four capacitive gaps to achieve homogeneity of EPR RF
magnetic field. Maximum inhomogeneity observed for this resona-
tor and measured by OE mapping of the uniform sample did not
exceed 5% (data not shown).



Fig. 2. (A) Schematic representation of the phantom: reference solutions are denoted as 1–3; analyzed sample is denoted as S. (B) Image acquired with EPR power PA = 0.8 W.
Reference samples are denoted as 1–3. All tubes were placed inside a bigger tube, 30 mm diameter, filled with 0.09% NaCl in water. Dashed line schematically shows the
location of the tube border, not visible because saline solution surrounding the sample tubes has very small signal intensity compared to the enhanced signals. The MRI
acquisition parameters are: TR, 2 s; TE, 30 ms; matrix, 128 � 128; field of view (FOV), 64 � 64 mm; slice thickness, 4 mm; acquisition time, 4.3 min; NMR frequency,
841.5 kHz. EPR irradiation time 4.3 min. (C) Image acquired with EPR power PB = 3.2 W. (D) Probe concentration map. (E) Oxygen concentration map. (F) MRI image of the
phantom. The MRI acquisition parameters are: TR, 2 s; TE, 30 ms; matrix, 128 � 128; field of view (FOV), 64 � 64 mm; slice thickness, 20 mm; acquisition time, 4.3 min; NMR
frequency, 841.5 kHz.
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2.5. Spin echo sequence and experimental parameters

A standard 2D fast spin echo (FSE) pulse sequence from MR
Solutions Inc. was used for fixed-field PEDRI experiments (Fig. 3).
The continuous wave (CW) EPR irradiation was turned on about
400 ms before the execution of the FSE pulse sequence and was
kept on during the whole k-space coverage. Single slice images
were typically acquired using the 2D FSE pulse sequence
(TR = 2 s, base TE = 30 ms, effective TE = 150 ms, views per seg-
ment = 16, slice thickness = 4 mm, FOV = 64 � 64 mm, matrix
size = 128 � 128, number of averages = 16, scan time = 4.3 min).
MRI frequency was 841.5 kHz. Images were acquired with EPR irra-
diation at RF = 554 MHz. Incident EPR RF powers were 0.8 and
3.2 W.

The EPR resonance frequency was determined from the equa-
tion describing the absorption of microwave energy by a spin sys-
tem hm = gbH. In this formula h is Planck’s constant, m is the
microwave frequency, g is the electron g-factor, b is the Bohr mag-
Fig. 3. 2D fast spin echo (FSE) pulse sequence, showing 2 out of 16 180 � refocusing
pulses. Number of echoes per RF excitation, n = 16; the number of RF excitations is 4.
neton and H is the applied magnetic field. It is important to note
that the experimentally determined value of g-factor of the TAM
probe differs from that of the free electron by 0.0011. The value
is 2.0034; this corresponds to 123.31 mG shift in the magnetic
field. The EPR line width of anoxic TAM probe is 90 mG, which is
less than the difference between g-factors of the probe and free
electron. Therefore, it is possible to miss the point of resonance
when performing PEDRI experiments. To avoid this problem, the
value of g-factor of the probe has to be accurately measured in ad-
vance for the precise matching conditions between the EPR RF fre-
quency and the external magnetic field. Of note, if the matching
conditions between the EPR RF frequency and the external mag-
netic field are not chosen correctly, higher EPR powers are needed
to achieve the same enhancement factors as those achieved exactly
on the resonance.

2.6. Theory

Due to the interaction of a paramagnetic probe with water pro-
tons, the NMR signal intensity of the latter can be increased by
more than an order of magnitude, when the probe is irradiated
at the EPR frequency. This enhancement is based on the transfer
of polarization from the electron spins to the nuclear spins and
can be described in terms of the proton magnetization, MI, by

MI �MI
0

MI
0

¼ � ce

cn
fkS ð3Þ

where MI
0 is the proton magnetization at thermal equilibrium, ce

and cn are the gyromagnetic ratios of electron and nucleus respec-
tively, and their ratio is equal to 658. f is the leakage factor deter-
mined as f = rcT10/(1 + rcT10), where r is the relaxivity of the probe
and T10 is the proton relaxation time in the absence of the probe.
k is the coupling factor which equals 0.5 for pure dipole electron–
nuclear interaction, and c is the concentration of a paramagnetic
probe. The saturation factor, S, can be described by



Table 1
Notation of signal intensities obtained in a PEDRI experiment.

Symbol Definition

Ian
A ; Ian

B Intensities of EPR-on signal of an analyzed sample, EPR powers PA,
PB

I1
A; I2

A; I3
A

Intensity of EPR-on signal of reference samples 1–3, EPR power PA

I1
B ; I2

B ; I3
B

Intensity of EPR-on signal of reference samples 1–3, EPR power PB

Table 2
Description of parameters needed for the calculation of oxygen and probe
concentrations.

Symbol Definition

Ian
0 Intensity of EPR-off signal of an analyzed sample

I1
0 ; I2

0 ; I3
0

Intensities of EPR-off signal of the reference samples 1–3

a EPR resonator efficiency, lT=
ffiffiffiffiffi
W
p

a1 Oxygen-dependent line broadening, lT/mM
a2 Concentration-dependent line broadening, lT/mM
a3 Intrinsic line width of the probe, lT
Einf The enhancement at infinite power and at infinite probe

concentration
r Relaxivity of the paramagnetic probe, mM�1 s�1

T1 Relaxation time of the protons in the presence of the probe, s
T10 Relaxation time of the protons in the absence of the probe, s
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S ¼ � c2
ea2PT1eT2e

1þ c2
ea2PT1eT2e

ð4Þ

where a describes resonator efficiency, P is the incident power, T1e

and T2e are the electron relaxation times. The values of T1e and T2e

depend on three factors: (1) concentration-broadening of the probe,
a2; (2) broadening due to the presence of oxygen, a3; and (3) the
line width of the probe in the absence of oxygen and at infinite dilu-
tion, a1. This dependence can be summarized by

1
ce

ffiffiffiffiffiffiffiffiffiffiffiffiffi
T1eT2e
p ¼ a3 þ a2cR þ a1cO2 ð5Þ

Transient behavior of the proton magnetization can be given by

MI ¼ MI
0 � Einf M

I
0½1� expð�TEPR=T1Þ�f

c2
ea2PT1eT2e

1þ c2
ea2PT1eT2e

ð6Þ

where Einf is the enhancement at infinite EPR power and infinite
concentration of the probe. TEPR is the EPR irradiation time, and T1

is the proton relaxation time.

2.7. Derivation of the approach

Concentration of the probe and oxygen for the three reference
samples is denoted as c1

R—c3
R and c1

O2—c3
O2, respectively; can

R and
can

O2 are the corresponding concentrations in the analyzed sample.
A short description of parameters that can be determined from a
PEDRI experiment is given in Table 1. EPR powers are denoted as
PA and PB; their values are related to the EPR irradiation field,
BA(B), as BAðBÞ ¼ a

ffiffiffiffiffiffiffiffiffiffi
PAðBÞ

p
. Table 2 summarizes parameters for the cal-

culation of oxygen and probe concentrations from the PEDRI
experiments.

The proton magnetization for individual reference sample and
EPR irradiation power PA can be written as

I1
A ¼ I1

0 � I1
0

ðE�inf rT10Þc1
RPAa2

a3 þ a2c1
R þ a1c1

O2

� �2 þ PAa2
ð7Þ

similar expressions can be written for image intensities I2A and I3A

of the reference samples 2 and 3. If Eq. (7) is written for an analyzed
sample, one more linearly independent equation is necessary to find
both concentrations of oxygen and the probe. These two equations
were provided by measuring OE at two different EPR powers. By
addition of three reference samples it is possible to find both con-
centrations of oxygen and the probe without the knowledge of
parameters listed in Table 2. It is assumed that the product
F ¼ ð�E�inf rT10Þ, which reflects the relaxation properties of the probe
on the solvent is the same for the reference samples as well as for
the analyzed sample. Eq. (7), written for each of the three reference
samples and two EPR powers, can be transformed into a system of
six linearly independent equations

I1
A ¼

I1
0Fc1

RPAa2

a3 þ a2c1
R þ a1c1

O2

� �2 þ PAa2
ð8Þ

I1
B ¼

I1
0Fc1

RPBa2

a3 þ a2c1
R þ a1c1

O2

� �2 þ PBa2
ð9Þ
I2
A ¼

I2
0Fc2

RPAa2

a3 þ a2c2
R þ a1c2

O2

� �2 þ PAa2
ð10Þ

I2
B ¼

I2
0Fc2

RPBa2

a3 þ a2c2
R þ a1c2

O2

� �2 þ PBa2
ð11Þ

I3
A ¼

I3
0Fc3

RPAa2

a3 þ a2c3
R þ a1c3

O2

� �2 þ PAa2
ð12Þ

I3
B ¼

I3
0Fc3

RPBa2

a3 þ a2c3
R þ a1c3

O2

� �2 þ PBa2
ð13Þ

It is important to note that the value of F0 ¼ FI1
0 does not depend

on the EPR-off signal and can be determined from two PEDRI
images of any reference sample acquired at different EPR powers,
e.g. using Eqs. (8) and (9):

F0 ¼
I1
AI1

BðPA � PBÞ
c1

R I1
BPA � I1

APB

� � ð14Þ

Equations for the analyzed sample, written for EPR powers PA

and PB, respectively, have the form

Ian
A ¼

Ian
0 Fcan

R PAa2

a3 þ a2can
R þ a1can

O2

� �2 þ PAa2
ð15Þ

Ian
B ¼

Ian
0 Fcan

R PBa2

a3 þ a2can
R þ a1can

O2

� �2 þ PBa2
ð16Þ

The concentration of the analyzed sample can be found by solv-
ing the system of these two equations. Taking into account that
F0 ¼ FI1

0, one can obtain

can
R ¼

I1
0

Ian
0

� Ian
A Ian

B ðPA � PBÞ
F0 Ian

B PA � Ian
A PB

� � ð17Þ

The concentration depends on the ratio I1
0

Ian
0

which, according to
the experimental data, can be less or greater than unity by no more
than a couple of percent, and therefore, can be neglected. There-
fore, final formula for the calculation of can

R does not contain the
intensity of EPR-off signal and has the following form

can
R ¼

Ian
A Ian

B ðPA � PBÞ
F0 Ian

B PA � Ian
A PB

� � ð18Þ

Only one of the references is needed to find the probe concen-
tration in an analyzed sample. These calculations are performed
at each pixel of the image matrix; and therefore, provide distribu-
tion of the paramagnetic material within the sample. For in vivo
experiments T1 and T2 proton relaxation times can vary resulting



Fig. 4. Histograms of the distribution of the probe and oxygen concentrations in the
analyzed sample.
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in different MRI signal intensities [22]. It is crucial to design the
references with NMR relaxation properties as close as possible to
those of the analyzed object. For the cell impermeable TAM probe
which stays in blood compartment, care must be taken to ensure
that T1 of the reference sample is similar to that of blood i.e. the ra-
tio I1

0=Ian
0 does not significantly deviate from unity.

The concentration of oxygen in the analyzed sample can be de-
rived from Eq. (15). If the probe concentration in reference tubes 2
and 3 is the same, i.e. c3

R ¼ c2
R; and reference tubes 1 and 2 do not

contain oxygen, c1
O2 ¼ c2

O2 ¼ 0, then

can
O2 ¼

1
a1

a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PAcan

R Ian
0 F

Ian
A

� PA

s
� a2can

R � a3

 !
ð19Þ

Taking into account that F ¼ F0=I1
0, where the numerator can be

found using Eq. (14), the resulting ratio Ian
0 =I1

0 can again be approx-
imated to unity, leading to an equation which does not depend on
EPR-off signal intensities. By solving the system of three linearly
independent Eqs. (8), (10), and (12), and introducing three new
variables, i.e. c1 ¼ a

a1
; c2 ¼

a2
a1

and c3 ¼
a3
a1

, the concentration of oxy-
gen in an analyzed sample can be found as

can
O2 ¼ c1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PAcan

R F0

Ian
A

� PA

s
� c2can

R � c3 ð20Þ

where

�1¼
c3

O2

ð�2��3Þ
; �2¼

ð�2��1Þ
ð�2��3Þ

c3
O2

c1
R� c2

R

� � ; �3¼
c3

O2 �2c
1
R��1c

2
R

� �
ð�2��3Þ c1

R� c2
R

� �
ð21Þ

and

g1 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PA

c1
RF0

I1
A

� 1

 !vuut ; g2 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PA

c2
RF0

I2
A

� 1

 !vuut ;

g3 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PA

c2
RF0

I3
A

� 1

 !vuut ð22Þ

As a result, the concentration of oxygen as well as the probe in
an analyzed sample can be found using intensities of two images,
acquired with two known EPR powers PA and PB, and knowing cor-
responding probe and oxygen concentrations in the reference
tubes, i.e. c1

R—c3
R and c1

O2—c3
O2.

Similar to the calculation of probe concentration, the equations
are applied at each pixel of the images, yielding an oxygen map.

3. Results

For the calculation of oxygen concentration in the analyzed
sample two images have been acquired at EPR powers 0.8 and
3.2 W (Fig. 2B and C). Signal to noise ratio was found to be 49 for
the lower EPR power and 92 for the higher power with maximum
enhancement factor for anoxic 2 mM solution of about 56 (deter-
mined as I/I0). Within each of the tubes MRI signal did not deviate
by more than 1.6%.

Distributions of the probe and oxygen within the analyzed sam-
ple were calculated using Eqs. (19) and (21): for oxygen
0.23 ± 0.01 mM (actual concentration was 0.24 mM); for the probe
1.49 ± 0.01 mM (actual concentration was 1.5 mM). Corresponding
maps are shown in Fig. 2D and E. To increase the accuracy of the
calculations, only central pixels inside each of the reference tubes
were taken to find averaged signal intensity, excluding ‘‘edge’’ ef-
fect. These pixels are shown inside of the circles on the maps
(Fig. 2D and E). The concentrations of 1 or 2 mM, shown on the
maps, correspond to averaged signal intensities of the reference
tubes taken for the calculations. For the analyzed sample, the cal-
culations have been performed for each pixel individually and then
the results were plotted as intensity maps. Fig. 4 shows histograms
of the distribution of the probe and oxygen concentrations in the
analyzed sample.
4. Discussion

The enhancement factor (OE) has the following dependence on
oxygen and probe concentrations

OE � can
R PAa2

a1can
O2 þ a2can

R þ a3
� �2 þ PAa2

ð23Þ

where PA is one of the applied EPR powers. As both oxygen and the
probe are paramagnetic, they both affect the enhancement accord-
ing to the same spin–spin interaction mechanism. However, their
effect on OE is different. The difference between these two effects
is demonstrated by Eq. (23), where it is shown that oxygen only re-
duces the enhancement by broadening the EPR line. Probe concen-
tration, on the other hand, increases the enhancement and broadens
the EPR signal at the same time. As seen from Fig. 5, power satura-
tion curve (function of enhancement, determined as I/I0, vs. applied
EPR power) is determined by paramagnetic probe concentration
and concentration of oxygen. One can see that maximum enhance-
ment factor for anoxic solution with 2 mM probe concentration is
about 56. As a result, two linearly independent equations are
needed to find both concentrations of oxygen and the probe. Mea-
suring OE at two different EPR powers provides these equations.
However, the full set of unknown parameters required to perform
the calculations include: a1, a2, a3, a, Einf, r and T10 (description is
given in Table 2). The intrinsic EPR line width of the probe, a3, does
not depend on experimental settings and can easily be found in an
additional anaerobic EPR experiment performed at low probe con-
centration. Oxygen and concentration induced line broadening, a1

and a2, respectively, as well as parameters r and T10 may slightly
differ with the solvent [18], and therefore, should be determined
using reference samples resembling blood or biological tissues as
closely as possible. Also, proton relaxation time T10 in the absence
of a paramagnetic probe can be different within a region of interest,
and therefore, cannot be assumed to be uniform [23]. In previous
research [16,17], these parameters were determined individually
in a separate set of dynamic nuclear polarization (DNP) experiments
in whole blood at 37 �C. Using the proposed three reference ap-
proach, it is not necessary to know the values of Einf, r, T10 and I0

separately. The product (I0EinfrT10) can be found in the same PEDRI
experiment together with analyzing the sample, using only signal
intensities of one of the reference samples.

EPR resonator efficiency a strongly depends on the tuning and
coupling of the resonator and can differ significantly with experi-
ment as well as with load. It is usually determined by the method



Fig. 5. Enhancement factor (OE), defined as I/I0, as a function of applied EPR power.
Solid line: cR, 2 mM; dashed and dotted lines: cR, 1 mM. Samples represented by the
solid and dashed lines contained no oxygen. In the third sample oxygen was
equilibrated with air. The MRI acquisition parameters are: TR, 2 s; TE, 26 ms;
matrix, 128 � 128; field of view (FOV), 64 � 64 mm; slice thickness, 20 mm;
acquisition time, 16 s; NMR frequency, 841.5 kHz. EPR irradiation time, 16.4 s; EPR
frequency, 554 MHz.
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of perturbing spheres [19] without the sample, which may add an
additional experimental error to the data when numeral value of a
for empty resonator is translated to the loaded resonator. In our
approach, the standard samples are placed together with that to
be analyzed, so that they experience comparable EPR B1e field dur-
ing the acquisition. We considered the same a when enhance-
ments of measured and analyzed samples are compared.
However, a may be slightly different for the analyzed and reference
samples due to EPR RF field inhomogeneity. This inhomogeneity-
induced systematic error brings additional error to the functional
calculations. The AG resonator used for this work has four capaci-
tive gaps to achieve good homogeneity of EPR RF magnetic field.
Inhomogeneity of the resonator as measured by OE mapping of
the uniform sample did not exceed 5% (data not shown). But this
small error will be introduced into the oxygen measurements in
even smaller degree due to the fact that a is present in the Eq.
(19) within the square root. Therefore, the results of the calcula-
tions are not significantly affected by error in the determination
of this parameter, which leads to more reliable data.

EPR powers needed for saturation of the electron system mainly
depend on the spectral line width and hyperfine splitting of the
spectra of the paramagnetic probe. The narrower the line width,
the lower EPR powers are needed for saturation. Nitroxide radicals
are also used as paramagnetic functional probes for PEDRI experi-
ments [24,25], however, their broad line width and nitrogen split-
ting lead to smaller enhancement factors and therefore, to images
of lower quality, compared to those obtained with narrow line
TAM probes irradiated with the same EPR power. Additionally,
oxygen-induced spin–spin line broadening of nitroxides is smaller
relative to intrinsic line widths making accurate oxygen measure-
ments with nitroxide probes problematic. TAM probes having
intrinsic line width less than 100 mG and oxygen-dependent line
broadening of 497 mG/mM are ideal for the oxygen measurements
because lower powers are needed to achieve practically useful
enhancements at mM probe concentrations. Concentration depen-
dent spin–spin line broadening measured to be 8 mG/mM inter-
feres with oxygen measurements within this concentration
range. However, the two-power approach with internal standards
automatically takes this effect into consideration. For quantitative
analysis, intensity of the images plays a crucial role and determines
spatial as well as functional resolution. It has been shown before
[17] that the value of SNR should be above 10 to be able to use sig-
nal intensities for calculations of functional parameters. In our
experiments the powers were 0.8 and 3.2 W with signal to noise
ratio measured to be 49 and 92 for the lowest and highest EPR
powers, respectively.

The total time needed to perform all the necessary experiments
is limited by several factors. For in vivo experiments different sta-
bility of the probes and the time course of functional changes in the
sample may require fast data acquisitions. The distribution of the
probe and the local values of oxygen can also change with time
within the body of an animal [15,26]. Therefore, the smaller num-
ber of acquisitions, allowed by this approach, can be of great value
enabling reduction of the total experimental time.

Advantages of the method include: (1) an EPR-off image is not
needed; with only two acquisitions required at two different EPR
powers; (2) calculations do not require the knowledge of paramag-
netic probe parameters such as a1, a2, a3, a, Einf, r and T10; (3) im-
proved accuracy of oxygen imaging is obtained with less noise
and artifacts. Overall these advantages facilitate PEDRI based oxim-
etry allowing more rapid and accurate oxygen imaging.

5. Conclusions

Due to the difficulty of determination of many oximetry related
parameters, it is of high importance to design new approaches to
optimize the method and increase the accuracy of the calculations.

An approach to perform PEDRI experiments has been developed
and tested in in vitro experiments. It has been shown that such
parameters as a1, a2, a3, a, Einf, r and T10 (Table 2) are not needed
for the determination of oxygen in an aqueous sample. This can
be achieved in PEDRI experiments by using three reference
solutions with known concentrations of a paramagnetic probe
and oxygen and placing them inside the resonator together with
the sample to be analyzed. Using this approach, only two acquisi-
tions at different EPR powers are needed, significantly reducing
total data acquisition time for these experiments. This provides a
major advantage of the method, that the EPR-off image acquisition
is not required. As a result, division by a very small number is elim-
inated, leading to smooth and more accurate distributions of the
measured probe and oxygen concentrations within a given sample.
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