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Coimaging employing electron paramagnetic resonance (EPR) imaging and MRI is used for rapid in vivo
oximetry conducted simultaneously across multiple organs of a mouse. A recently developed hybrid EPR–
NMR coimaging instrument is used for both EPR and NMR measurements. Oxygen sensitive particulate
EPR probe is implanted in small localized pockets, called sites, across multiple regions of a live mouse.
Three dimensional MRI is used to generate anatomic visualization, providing precise locations of implant
sites. The pO2 values, one for every site, are then estimated from EPR measurements. To account for radio
frequency (RF) phase inhomogeneities inside a large resonator carrying a lossy sample, a generalization of
an existing EPR data model is proposed. Utilization of known spectral lineshape, sparse distribution, and
known site locations reduce the EPR data collection by more than an order of magnitude over a conven-
tional spectral–spatial imaging, enhancing the feasibility of in vivo EPR oximetry for clinically relevant
models.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Existing literature [1,2] builds a compelling case for the critical
role of oxygen in the evolution of life on earth. Aerobic organisms
consume molecular oxygen (O2) to generate chemical energy, re-
quired for biologic processes, in the form of adenosine triphos-
phate. Also, O2 serves as a regulatory molecule for important
physiologic processes. Hence, a precise knowledge of the levels of
oxygen in tissues of interest is of great importance in understand-
ing normal physiology as well as the pathogenesis of disease. Sev-
eral techniques [3,4], including electron paramagnetic resonance
(EPR) spectroscopy and imaging (EPRI) [5], have been employed
for oxygen measurements in biological samples.
1.1. EPR oximetry

Measurement of oxygen concentration by EPR (EPR oximetry)
[6–9] involves the use of an exogenous spin probe consisting of
paramagnetic material in either particulate or soluble form.
Changes in the EPR spectral width (linewidth) are caused by the
interaction of two paramagnetic species – molecular oxygen and
the spin probe. This interaction-induced reversible line broadening
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quantifies oxygen levels. EPR oximetry possesses a high sensitivity
to molecular oxygen and is capable of measuring direct and abso-
lute values of pO2 or O2 concentration. It can further provide three
dimensional mapping of oxygen distribution, if required. This
method generally shows a high specificity because of minimal
interference from other sources. In addition, a number of devel-
oped EPR probes are nontoxic, and are generally stable in a tissue
environment. In fact, particulate EPR probes can stay in a biological
sample for months [10] without losing their oxygen sensitivity.
Therefore, particulate-based EPR oximetry is usually described as
‘minimally invasive’ as only one-time implantation is needed,
and the subsequent measurements are carried out without further
invasive procedures. The biological applications for EPR oximetry
have been rapidly growing [11] and include measuring tumor oxy-
genation for determining cancer treatment efficacy [12] and mea-
suring tissue oxygen for estimating the extent of myocardial injury
during both ischemia and subsequent reperfusion [13,14].

For EPR-based oximetry, there are two modes of data collection:
spectroscopy and spectral–spatial imaging. In spectroscopic mode,
the EPR spectrum, also called lineshape, is observed by measuring
the absorption of monochromatic radiation in the presence of an
external magnetic field. Since there are no magnetic gradients or
other means of spatial encoding, the spectroscopy does not provide
spin density distributions. Also, this mode is generally not suitable
for samples with spatially varying lineshapes because the mea-
sured spectrum is a sum of spectra from all irradiated sample loca-
tions. In spectral–spatial mode [15], a spectral dimension, in
addition to one or more spatial dimensions, is required to capture
the lineshape information. The spatial and spectral information is
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encoded by collecting data under various magnetic field gradient
orientations and strengths. Using spectral–spatial imaging, one
can extract both spin density and pO2 distributions simulta-
neously. For a setup with high signal-to-noise ratio (SNR), the data
acquisitions based on fast scan [16] or spinning gradient [17] can
provide substantial acceleration over the conventional slow scan-
based acquisition. For low SNR, however, the spectral–spatial
imaging, especially when performed over three spatial dimensions,
remains a time consuming proposition. In addition to suffering
from long data collection times, EPR spectral–spatial imaging also
lacks the capability of providing anatomic details of the subject.

Several innovations, ranging from improved hardware designs
to optimized data collection and processing schemes, have been
proposed and implemented to reduce the data collection time to
the levels suitable for in vivo studies. For instance, rapid scan
[18], parametric reconstruction [19], overmodulation [20], digital
detection [21], and pulsed-EPR [22] have been developed and used
to either improve SNR or reduce the data acquisition times. The
proposed postprocessing approach for multisite oximetry can work
in conjunction with any data collection modality as long as the
data can be represented in the form of conventional slow scan
projections.

1.2. Multisite oximetry

In 1993, Smirnov et al. [23] suggested a method of collecting
oxygen information from multiple sites simultaneously, without
performing the time consuming spectral–spatial imaging. The
method relies on applying a magnetic gradient large enough to
separate the spectra from different sites but small enough to intro-
duce minimal distortion in the spectrum from each site. Strict con-
straints on the minimum separation of the sites and the magnitude
of maximum gradient limit its broad application. Later, Grinberg
et al. [24] suggested an improved method. By collecting two (or
more) projections along a suitable gradient orientation, each with
a different gradient strength, the pO2 values at multiple sites are
estimated using a convolution-based fitting method. This approach
has been applied to study cerebral ischemia in rats [25]. The meth-
od relies on identifying and collecting the projections where sig-
nals from various sites minimally overlap and can be visually
separated. The requirements of well-organized probe distribution,
however, may become stringent for many EPR applications where
the distribution cannot be confined to few well-separated spots or
the user does not have a precise control or knowledge of the probe
distribution. Also, its application is strictly limited to the Lorentz-
ian lineshape.

Subsequently, Som et al. [26] suggested a more comprehensive
framework for multisite oximetry. The key assumptions made are:
(i) the EPR spectrum belongs to a known parametric function fam-
ily; (ii) the probe distribution is spatially sparse, i.e., the localized
spin pockets, called sites, constitute only a small fraction of the
field-of-view (FOV); (iii) and each site exhibits a single pO2 value.
Under these assumptions, each spatial voxel is characterized by an
unknown spin density and linewidth, and the proposed forward
model relates the collected projection data to these unknowns.
These parameters are then estimated jointly from a small set of
projections.

The proposed multisite oximetry approach, which is adapted
from the previously proposed method by Som et al., is more gener-
alized in terms of accommodating an unknown nonuniform RF
phase across the FOV. Also, it is less restrictive than the previous
approaches [23,24]. For instance, the current approach does not
impose any restrictions on the geometry or number of sites. It also
does not require a priori knowledge of site locations or the most
suitable gradient angle for a given geometry of sites. However, like
other inverse problems, the proposed method requires an adequate
number of independent measurements to reliably solve for the un-
known parameters, which grow with the number and size of probe
implants. The simulation results presented here also point to the
applicability of this approach for random and unknown geometries
with relatively large number of sites. Such a configuration would
make a difficult candidate for other approaches which rely on col-
lecting projections with visual separation and minimum overlap of
signals from different sites. The current approach is a supplement
and not a direct alternative to the previous methods which are
more restrictive but, when applicable, can offer larger
accelerations.

1.3. EPR–NMR coimaging

Several noninvasive NMR-based methods for in vivo detection
and mapping of paramagnetic substances are under development.
Both contrast-enhanced MRI [27] and proton electron double reso-
nance imaging (PEDRI) [28] utilize NMR-based detection and there-
fore automatically provide coregistration of free radical distribution
with anatomical structure. The availability of anatomic information,
as well as superior spatial and temporal resolutions, make MRI-
based techniques more efficient in these aspects compared to direct
EPR methods. However, since these techniques are based on spin ex-
change relaxation or saturation transfer from electron spins to water
protons, they are inherently indirect. Furthermore, their application
is more suitable for water-soluble paramagnetic substances with
small linewidths, and typically high concentrations (>1 mM) are re-
quired for optimal image contrast or enhancement. The EPR, on the
other hand, has been shown to be much more versatile, enabling
imaging of a broad range of soluble and particulate probes with
EPR linewidths from 0.002 to 1 mT.

Recently, EPR–NMR coimaging has been developed to combine
the sensitivity and directness of EPR oximetry with high-resolution
anatomic visualization capability of MRI. In comparison to EPRI or
MRI alone, the EPR–NMR coimaging can provide more comprehen-
sive information. In our earlier study [29] that first reported the
EPR–NMR coimaging, the data were collected on two separate EPRI
and MRI instruments. Subsequently, Matsumoto et al. [30] re-
ported coimaging of mice with EPRI imaging at 300 MHz
(10.8 mT) and proton MRI at 8.5 MHz (200 mT) using a composite
resonator assembly in which the sample was moved between the
two different magnet systems by means of a sliding mechanism.
In 2007, Kawada et al. [31] reported a novel multicoil parallel-
gap design for a composite EPR–NMR resonator. Later, we reported
[32] a coimaging system that utilizes a single set of field gradients
and resistive magnet for both the EPRI and MRI measurements. The
design of the resonator assembly holds the sample in place and al-
lows either resonator to slide over the sample, eliminating the
requirement for spatial markers and image postprocessing to
achieve coregistration. More recently, the EPR–NMR coimaging
has been used to study tumor oxygenation [33,34].

In this work, a synergistic relationship between EPRI and MRI
for in vivo multisite oximetry is demonstrated. Here, MRI not only
provides the anatomic details of the object but also complements
the EPR oximetry by providing precise locations of particulate
probe implants. In comparison to EPRI, the higher resolution of
MRI allows for a selection of more compact regions around the
sites, leading to a smaller number of unknowns. These unknowns,
including linewidth, are then estimated from a small number of
EPR projections. The remainder of the paper is organized as fol-
lows: Section 2 describes the problem formulation, instrumenta-
tion, animal model, and data collection protocol; Section 3
discusses simulation and in vivo oximetry results; Section 4 in-
cludes discussion; Section 5 summarizes the conclusions; and
Appendix A provides the derivation of the EPR data model used
in this research.
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2. Materials and methods

2.1. Problem formulation

Here, we consider a more generalized EPRI data model than
what has been reported previously [26]. Similar to the previous
model, we assume that lineshape is a known parametric function
and linewidth across each site is constant. But unlike the previous
model, we also assume that RF phase is inhomogeneous [35] and
varies gradually within the FOV. Therefore, we assign an unknown
RF phase to each site, which implies that all voxels at each site have
an identical unknown RF phase. All these unknowns, including spin
density, linewidth and RF phase, are estimated jointly. The deriva-
tion of the forward model used here is given in Appendix A. The
concept of multisite oximetry is captured in Fig. 1.

One noticeable improvement of the current forward model,
over the previous model [26], is the inclusion of inhomogeneous
RF phase. Imaging of the whole body of mouse prompts the use
of large resonators and large FOVs, which, for a lossy sample, re-
sults in significant RF phase variations within the FOV. This spatial
inhomogeneity of RF phase results in a signal, from each voxel, that
is not purely absorption but rather a mixture of absorption and dis-
persion. Our previous forward model [26] assumed zero RF phase
across the entire FOV, which is a reasonable assumption for small
FOVs and nonlossy samples. For the presented in vivo experiment,
the assumption of a constant RF phase resulted in poor curve fit.
The necessity of including dispersion was also evident from the
asymmetry of the zero-gradient projection (not shown) collected
at the start of each EPRI dataset. To accommodate the RF phase
inhomogeneity, we modeled the spectral–spatial object as the vox-
el-by-voxel summation of two objects – one with absorption line-
shape and the other with dispersion. The ratio of absorption and
dispersion, at each voxel, was determined by the RF phase a as de-
scribed in Eq. (A.1). To reduce the number of unknowns, all voxels
at each site were assigned a single RF phase value, which is a rea-
sonable assumption when spatial variations in the phase are
gradual.

If R denotes the forward operator that converts a spectral–spa-
tial object f to projection data Y then we can write

R½f ð�nÞ� ¼ Yð�nÞ ð1Þ

where vector �n represents the unknowns – linewidth and RF phase
at each site and spin density at each voxel of each site. In addition to
spin density, linewidth, and RF phase, we assume the magnetic field
sweep center hc for each projection to be unknown. This assumption
allows us to account for magnetic field drifts that may arise due to
unforeseen factors such as animal motion or temperature fluctua-
tions. Other variables arising from the nonideal behavior of the
experimental setup, such as baseline drift, can also be included in
the model as unknowns. Now the problem of multisite oximetry be-
comes a nonlinear minimization,
2 2 2, ,b

1 1 1, ,b

3 3 3, ,b

FOV

Fig. 1. Illustration of multisite oximetry for three probe sites. Each site covers only
a small fraction of FOV. The unknowns at each site include spin densities �b for all
voxels, a linewidth s, and an RF phase a.
min
�n;hc

1
2
kR½f ð�nÞ� � Ynk2 ð2Þ

where Yn represents noisy EPRI measurements.
Solving Eq. (2) for the entire spectral–spatial object can be

numerically challenging. Moreover, for a small number of projec-
tions, the problem may become severely ill-conditioned. Therefore,
it is important to reduce the size of �n by identifying regions which
carry spins. Here, we adopt a two stage approach where the first
stage acts to reduce the number of unknowns. In our previous
work, we used ‘1-regularized minimization of the approximate lin-
ear model to obtain a low-resolution distorted reconstruction,
which provided approximate locations of the probe sites. Mathe-
matically, it can be described as

min
�b

1
2
kR½f ð�bÞ� � Ynk2 þ kk�bk1 ð3Þ

where �b represents the unknown spin densities.
In Eq. (3), all unknowns other than spin density were assigned

approximate user-defined values, resulting in a linear model for
the data. But, the linearized approximation generates distorted
spin density maps. The extent of distortion depends on the dis-
agreement between the true values of the unknowns and their
user-defined approximate values adopted in the linear model of
Eq. (3). After reconstruction, these low-resolution spin density
maps were segmented, and each segment was approximated by a
sphere. All the spheres, collectively, were called region-of-interest
(ROI). All voxels outside the ROI were assumed to carry no spins.
This step, called stage 1, reduced the number of unknowns to a
small fraction. In the next step, called stage 2, the unknown spin
densities, linewidths, and RF phases were estimated using nonlin-
ear least-squares minimization of Eq. (2) for the voxels belonging
to the ROI. In the present work, we utilize 3D MRI to locate the par-
ticulate spin sites. Therefore, in stage 1, instead of relying on EPRI
to find the ROI, we rely on MRI to define the ROI. The sub-millime-
ter resolution of MRI is capable of generating more accurate site
locations.

The accuracy of pO2 estimation depends on the total number of
unknowns, the number of measurements, independence of mea-
surements, and the SNR. From the previous literature [19,26], we
conclude that projections at low gradient are less informative but
possess higher SNR, and the projections at high gradient are more
informative but possess lower SNR. In this work, we distributed the
projections uniformly [36] between 0 and hmax, with h being the
spectral angle. A convenient way to select hmax is to choose as high
a value as permitted by a preset limit on the SNR. Here, we adopted
a value of hmax such that the peak SNR (pSNR), defined by the ratio
of peak-to-peak signal and the standard deviation of noise, at the
highest gradient was greater than one. To estimate the number
of projections for the in vivo application, we relied on a conserva-
tive estimate obtained from simulation studies.

2.2. Instrumentation

The details of coimaging instrumentation have been reported
before [32]. Basic layout of the composite resonator used here is
shown in Fig. 2a. The EPR resonator was based on a single-loop
multi-gap design [37] with ID of 39 mm and length of 32 mm.
The resonator efficiency, measured by using a perturbing metal
sphere [38], was 17 lT=

ffiffiffiffiffiffiffi
W

p
. The resonance frequency and quality

factor of the unloaded resonator were measured to be 1.21 GHz
and 200, respectively. Under the loaded conditions, however, the
resonance frequency and the quality factor dropped to 1.15 GHz
and 70, respectively. The NMR resonator was based on conven-
tional solenoidal design with ID of 39 mm and length of 110 mm.
A polyethylene tube, with ID of 34 mm, ran through both the res-
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Fig. 2. A composite resonator and sample holder. EPR–NMR coimaging composite
resonator assembly (a). Both resonators are connected end-to-end and slide
together from one end to another, bringing the stationary sample inside one of
the resonators. The polyethylene tubes acts as a housing for the sample holder.
Sample holder made from 50 ml centrifuge tube (b). The nose cone end of the tube
is connected to the gas cylinder while the other end is connected to a plastic strip,
called slider, used to slide the centrifuge tube inside the polyethylene tube.
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onators. The two resonators were attached together end-to-end so
that they slid along the polyethylene tube as one unit. The entire
assembly was securely placed at the designated location between
the two main magnet poles of the EPR–NMR imager. The animal,
resting in the sample holder (Fig. 2b), was slid into the polyethyl-
ene tube to a fixed location. Sliding the movable composite resona-
tor assembly between extreme positions brought the animal in the
center of either the EPR resonator or the NMR resonator.

The EPR measurements were conducted on a continuous wave
imager operating at 1.15 GHz while the MRI measurements were
performed at 16.18 MHz (380 mT). For the EPR measurements,
no automatic coupling or automatic tuning was employed. A con-
ventional automatic frequency control circuit was used to tune the
RF source to the resonance frequency of the resonator. A fast scan,
with scan rate of 20 Hz, was used to suppress breathing noise of
the animal.
2.3. Animal model

A 25–30 g gray mouse was used for these studies. The mouse
was implanted with lithium phthalocyanine (LiPc) [39], a widely
used oxygen sensitive particulate EPR probe. The oxygen sensitiv-
ity calibration curve of LiPc indicated an anoxic linewidth of 11 lT
and room air linewidth of 146 lT. The probe was implanted at
three sites, one in each hind leg and one in the lower back. A total
of 5–6 mg of probe was used, with each site having no more than
2 mg of probe. Before implantation, the mouse was anesthetized
with ketamine (200 mg/kg b.w.) and xylazine (4 mg/kg b.w.) by
intraperitoneal injection. The probe was implanted using a needle
(16 gauge) and wire assembly. The ID of the needle was 1.2 mm
while OD was 1.65 mm. The probe was weighed before being
loaded into the tip of the needle. After loading, the needle was
gently inserted 2–4 mm deep from the mouse skin to the position
of interest. A metallic wire was slid into the other end of needle un-
til its front end reached 1–2 mm from the tip of the needle where
the material was loaded. Keeping the wire stationary, the needle
was pulled completely out of the tissue, resulting in deposition
of probe material. The wire was then pulled out. The procedure
was repeated for all three sites.

To limit the motion of limbs during the measurements, two
loops of paper tape were used to gently wrap the limbs against
the torso. It is critical to suppress the animal motion because it
can derail the entire coimaging process which relies on precise
coregistration of EPRI and MRI. The mouse was placed in a sample
holder made from a 50 ml centrifuge tube with ID 28 mm and
length 117 mm. To facilitate direct access to the mouse, the top
portion of the tube, along the longitudinal axis, was cut out as
shown in Fig. 2b. The animal was placed with its snout facing the
v-shaped end of the centrifuge tube which was connected to a
gas cylinder via Teflon pipe. To guide the sample holder in and
out of the polyethylene tube of the resonator assembly, the other
open end of the tube was tied to an 18-in. long plastic strip, called
slider. The sample holder carrying the mouse was slid into the
polyethylene tube to a predefined fixed location of the composite
resonator, and the nose cone end of the sample holder was con-
nected to the tube supplying a mixture of either carbogen and iso-
flurane (0.5% by volume) or room air and isoflurane (0.5% by
volume).
2.4. Data collection and processing

The EPRI data were collected first. The movable assembly of the
composite resonator was moved to one extreme so that the FOV
was within the sensitive region of the EPR resonator. The parame-
ters used to collect EPR data were: RF power = 100 mW;
FOV = 65 � 65 � 65 mm3; spectral window DH = 0.25 mT; field
modulation amplitude = 10 lT; hmax = 81�; maximum gradient
strength = 24.3 lT/mm; reconstruction matrix size = 32 � 32 � 32;
and number of projections per dataset = 60. A total averaging time
(in seconds) for each projection was proportional to djtanhj + 0.5e,
with d.e denoting the next higher integer. This variable sweep time
allowed to partially suppress the degradation of SNR for high gra-
dient projections. The parameters for MRI data collection were: re-
ceiver bandwidth = 10 kHz; TE = 13 ms; TR = 100 ms; pulse
sequence = 3D gradient-echo; FOV = 65 � 65 � 65 mm3; 3D matrix
size = 128 � 128 � 128; slice thickness = 0.5 mm; number of exci-
tations = 1; total acquisition time = 28 min.

The data were processed in Matlab (Mathworks, MA) on a
2.27 GHz Intel Core™ i5 processor coupled with 4 GB of memory.
Approximate processing time for a 60-projection dataset was
12 min. The site locations, read from MRI, along with the EPRI pro-
jection data were fed to a Matlab code. First, all the voxels residing
within the 6 mm-radius spheres centered around the site locations
indicated by MRI were marked as ROI. Later, the lsqnonlin function
was used to solve for unknowns, which in our case included spin
densities for all voxels at each site, linewidth at each site, RF phase
at each site, and center field drift for each projection. Total number
of unknowns was only 435. Each collected projection had 1024
samples, but was decimated to 256 samples for faster computa-
tions. The decimation issue, although not handled in this work,
can be overcome by tweaking hardware settings so that only 256
points are collected in each scan, or by expanding computational
resources (for example, by using multiple nodes for parallel com-
putation) so that projections with 1024 points can be processed
in reasonable time. This improvement, when implemented, would
result in further reduction in data collection times for multisite EPR
oximetry.
3. Results

3.1. Simulation

The purpose of this simulation study is to demonstrate the im-
pact of ROI size on the estimation of linewidth s. The results show
that the selection of a smaller ROI leads to more accurate estima-
tion of s. This impact motivates selecting a more compact ROI
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using the high-resolution MRI reconstruction as opposed to the
low-resolution EPRI reconstruction.

A digital phantom consisting of eight sites was used. The loca-
tion of each site was chosen randomly on a 32 � 32 � 32 grid for
each of 10 trial runs. There was no constraint on the distribution
of site locations except that no two sites were allowed to touch
or overlap. Therefore, we enforced a minimum distance of one vox-
el (2 mm) between the neighboring sites. The peak-to-peak line-
widths for the eight sites were selected to be 12 lT, 16 lT, 20 lT,
24 lT, 28 lT, 32 lT, 36 lT, and 40 lT. The size of each site was
2 � 2 � 2 voxels. The spin density (0.5–1.0) and the RF phase
(0 � p/2) values across each site were constants and were chosen
randomly for each trial. Other simulation parameters, including
FOV size, gradient strength, and number of projections, were iden-
tical to the ones used for the in vivo experiment. The value of pSNR
for the zero-gradient projection was selected to be 12.

Fig. 3 shows a typical simulated input phantom comprising
eight sites and the corresponding reconstructed linewidth map.
Fig. 4 shows the curve fitting results for a projection corresponding
to the gradient of 24.3 lT/mm. The simulation results, demonstrat-
ing the impact of ROI size on the estimation of s, are summarized
in Fig. 5. The results from an ROI comprised of 2.5 mm-radius
spheres are compared with the results from an ROI comprising of
5.0 mm-radius spheres, both selected around the true locations.
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Fig. 3. Input (left) and reconstructed (right) 3D linewidth maps for one of the
realizations of the eight-site digital phantom. An ROI consisting of eight 2.5 mm-
radius spheres was used. The minimum distance between the sites was one voxel
(2 mm). The color at each site encodes the linewidth value. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)
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Fig. 4. Curve fit for one of the projections for the digital phantom shown in Fig. 3. A
projection simulated at 24.3 lT/mm gradient strength (a); dotted line indicates the
nonlinear least-squares fit using the proposed forward model (b); and the residual
(c).
3.2. In vivo oximetry

A total of three datasets were collected under carbogen breath-
ing. Total acquisition time for each dataset was approximately
12 min. After collecting the data under carbogen breathing, the
breathing mixture was switched to room air, and three more data-
sets were collected after a delay of 5 min. Under room air breath-
ing, all parameters were kept the same except the sweep time.
There was visible sharpening of EPR spectrum under room air
breathing, which resulted in improved SNR. Therefore, the sweep
time was reduced to half without any visible degradation of SNR.
The acquisition for each dataset, under room air breathing, took
approximately 6 min. For the EPRI data, the pSNR for the zero-gra-
dient projection was 12 and 21 under carbogen and room air
breathing environments, respectively.

After the EPRI measurements, the movable assembly of the
composite resonator was slid to the other extreme such that the
FOV was within the sensitive region of the NMR resonator. The
main magnetic field was switched to 380 mT. The field was al-
lowed to stabilize for 10 min before collecting MRI data. Fig. 6
shows three axial MRI slices each passing through one of the spin
sites. Approximate spin density maps, computed from Eq. (3), for
one of the datasets collected under room air conditions, are also
shown along with the corresponding fused images.

First, the sites were recognized from the MRI reconstruction. In
this case, we used a 6 mm-radius sphere to represent each site. All
the voxels inscribed within these spheres were collectively called
ROI. The size and location of each sphere were defined by the user
and were based on the MRI information. Later, the nonlinear least-
squares optimization (Eq. (2)) was solved for the entire ROI to esti-
mate the unknown linewidths, spin densities, RF phases, and mag-
netic field drifts. Fig. 7 shows, from left to right, the isosurface
rendering of 3D MRI, 3D EPRI spin density map generated from stage
2, and the overlay of the two. Fig. 8 displays three axial slices of MRI
superimposed with estimated spin density and linewidth maps gen-
erated by stage 2 of multisite oximetry. Both Figs. 7 and 8 belong to a
dataset with room air breathing condition. Fig. 9 shows the curve fit
results for one of the projections collected at 24.3 lT/mm.

For comparison, the low-resolution distorted EPR images were
also used to define the ROI. To accommodate for the blur and offset
of the EPR images from stage 1 (Fig. 6b), a larger ROI, comprised of
9 mm-radius spheres, was selected. Any attempt to select an ROI
with smaller radii resulted in visible structure in the curve fit resid-
ual, indicating the presence of spins outside the designated ROI.
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The results for pO2 estimation are summarized in Fig. 10 for both
the ROIs based on the MRI and low-resolution EPR reconstruction.
(c).
4. Discussion

We have demonstrated the applicability of multisite EPR oxim-
etry in an EPR–NMR coimaging framework. The multisite EPR
oximetry allows for the in vivo oxygenation monitoring of multiple
regions simultaneously while MRI provides the anatomic details of
the body. The existing coimaging setup allows the inherent coreg-
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istration of two imaging modalities. In addition to anatomic de-
tails, MRI reconstruction also provides precise locations of probe
implants, facilitating the data processing for the multisite
oximetry.

The simulation studies presented in this work illustrate the
impact of ROI size on the estimation of unknown parameters. A
rather modest expansion of ROI can have dramatic effect on the
number of unknowns. For the simulation study, increasing the ra-
dius of each of the eight ROI spheres from 2.5 mm to 5.0 mm in-
creased the total number of unknowns from 140 to 524. This
increase make the inverse problem of estimating unknown
parameters more ill-conditioned for a given number of measure-
ments. Therefore, it is advantageous to reduce the number of un-
knowns. EPR images from stage 1 prompt a selection with larger
ROI to accommodate for the uncertainties, due to low-resolution
and distortion, in site locations. The MRI reconstruction, with it
higher resolution, has the potential to select more compact ROI
and hence positively influence the estimation process. Also,
selecting the ROI from the low-resolution EPRI may become trou-
blesome when the distance between the neighboring sites is
small. Fig. 5 summarizes the impact of ROI size on the estimation
of s. By doubling the radius of spheres that define the ROI, the
standard deviation of estimated s is more than doubled, for at
least some of the sites.

Fig. 6 shows three MRI slices and the corresponding low-resolu-
tion EPRI slices reconstructed from the linearized approximation of
the forward model. The low-resolution EPRI was reconstructed on
a 16 � 16 � 16 grid but was later linearly interpolated to a
128 � 128 � 128 grid to match the MRI grid. This stage, called
stage 1, generates a low-resolution reconstruction with the sole
purpose of detecting the approximate site locations. This was the
approach we previously adopted [26] in the absence of MRI, and
has been used here to draw a comparison with the MRI-based se-
lected of the ROI. In the presence of MRI, however, it is logical to
unitize the high-resolution MRI reconstruction in stage 1 to select
site locations, as depicted in Fig. 6. The low-resolution stage 1 EPRI
spin density maps were, nevertheless, used to narrow the size of
the MRI search volume. Visually searching for the probe site loca-
tions in MRI alone can be difficult because both particulate probe
implants and several anatomic structures of the body manifest
themselves in MRI as regions with no signal, and thus can be mis-
taken for each other. The stage 1 EPRI facilitated the search process
by providing approximate site locations, and MRI further refined
the implant localization by searching in the proximity of the loca-
tions provided by stage 1 EPRI.

In the second stage, called stage 2, spin densities and linewidths
were estimated by solving Eq. (2) using nonlinear least-squares
minimization. Figs. 7 and 8 show the reconstruction results for
the dataset used for Fig. 6. Fig. 7 displays the 3D images, individual
and superimposed, for MRI and stage 2 EPRI spin density map. For
surface rendering of EPRI and MRI, thresholds of 25% and 15% of
the peak values were applied, respectively. Fig. 8 shows slices
#56 (back), #74 (right leg), and #86 (left leg) for both spin density
and linewidth maps. As evident from this figure, the MRI and EPRI
reconstructions are automatically coregistered without additional
processing.

Fig. 9 shows curve fit results for one the 60 projections. Fig. 10
summarizes the oximetry results for both MRI- and EPR-based
selections of the ROI. Again, the ROI selection based on MRI gener-
ates lower variances in the estimated s. The pO2 variation across
two different breathing conditions is in line with the previous
studies [40] which have shown an increase in tissue oxygenation
under carbogen breathing. The reason for pO2 variation across dif-
ferent sites can be, at least partially, attributed to the depth of the
implants in the body. For instance, the implant in the left leg,
which displays the lowest pO2 value, is located more subcutane-
ously as compared to the implant in the right leg which is located
intramuscularly, as revealed by MRI reconstruction. Previously
[41], it has been reported that intramuscular pO2 tends to be high-
er than subcutaneous pO2 for an extended duration after the inva-
sive probe implantation procedure. In addition to the location, the
variability in the condition of a fresh wound, occurred due to nee-
dle insertion, may also have contributed to the pO2 variation across
different sites. This basic experiment merely provides a proof of
concept. Further studies, in the context of specific applications,
are required to further analyze the pO2 values at each specific site
under specific conditions.

Since the acquisition time for multisite oximetry is of the order
of minutes as opposed to hours required for spectral–spatial imag-
ing, it provides opportunities for many interesting in vivo applica-
tions. For example, this methodology can be used to study the
response of tumor oxygenation to a gradual change in the breath-
ing environment. Also, using multiple implants, it would be possi-
ble to compare tumor oxygenation with the healthy tissue.
5. Conclusions

We have implemented EPR multisite oximetry for in vivo mon-
itoring of pO2 values simultaneously across multiple regions. Our
approach improves the previously proposed EPR multisite methods
by generalizing the data model to take into account the RF phase
variations inside the resonator. In addition, coregistered MRI is uti-
lized to accurately determine the locations of spin sites. Spherical
regions selected around these locations are then used in the model
to extract the linewidth and the spin densities. As compared to
conventional spectral–spatial imaging, the data collection time is
reduced by an order of magnitude. This preliminary in vivo exper-
iment illustrates potential as well as applicability of the method to
meaningful physiological applications where time constraint is
critical.
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Appendix A

Here, we describe EPRI data model which relates the unknowns,
belonging to either a spectral–spatial object or the EPR measure-
ment process, to the collected CW projection data. We make fol-
lowing assumptions about the object and the measurement
process: (i) the 3D object is discretized into K voxels in spatial do-
main; (ii) lineshape at each voxel is a Lorentzian with both absorp-
tion and dispersion components; (iii) ratio of absorption and
dispersion components at each voxel depends on the unknown
RF phase at that voxel; (iv) modulation amplitude is small and
the detection process generates the first derivative of lineshape
without distortion; (v) there is no signal distortion due to RF power
saturation; and (vi) the main magnetic field is swept in discrete
steps for each projection.

The kth voxel of spectral–spatial object f can be written as

fk ¼ fa;k þ fd;k; for 1 6 k 6 K

¼ bksk cos ak

ðhþ hcÞ2 þ s2
k

þ�bkðhþ hcÞ sin ak

ðhþ hcÞ2 þ s2
k

ðA:1Þ

where subscripts a and d represent absorption and dispersion
respectively; sk, bk, and ak denote linewidth, spin density, and RF
phase at the kth voxel, respectively; h denotes magnetic field sweep
centered around resonance field; and hc represents the shift in the
center of magnetic field sweep.

Let (q, g, /, h) represent the polar coordinate system defined
below,

x ¼ q
c

cos g sin / sin h

y ¼ q
c

sing sin / sin h

z ¼ q
c

cos / sin h

h ¼ q cos h ðA:2Þ

where c = �DH/DL with DH being the spectral window and DL
being the spatial FOV.

The 4D Radon transform (RT) of the object f can be obtained by
integrating the object along a hyper-plane defined by

q ¼ cððx cos gþ y singÞ sin /þ z cos /Þ sin hþ h cos h ðA:3Þ

which can be written in terms of magnetic field gradients

q ¼ �ðgxxþ gyyþ gzzÞ cos hþ h cos h ðA:4Þ

where gx, gy, and gz represents x, y, and z components of magnetic
field gradient defined below

gx ¼ �c tan h ðcos g sin /Þ
gy ¼ �c tan h ðsing sin /Þ
gz ¼ �c tan h ðcos /Þ

ðA:5Þ

By mk � (gxx + gyy + gzz) and qk � �mkcosh + hcosh, we can
write the RT as

p ¼ c0

XK

k¼1

Z
h

Z
zk

Z
yk

Z
xk

fkdðqk þmk cos h� h cos hÞdxk dyk dzk dh

¼ c0

XK

k¼1

1
j cos hj

Z
h

Z
zk

Z
yk

Z
xk

fkdðh�mk � qk= cos hÞdxk dyk dzk dh

ðA:6Þ

where c0, a positive real number, is an arbitrary scaling factor. Using
Eqs. (A.1) and (A.6), the RT for absorption component becomes
pa ¼
XK

k¼1

c0

j cos hj

Z
h

Z
zk

Z
yk

Z
xk

bksk cos ak

ðhþ hcÞ2 þ s2
k

dðh�mk � qk= cos hÞ

� dxk dyk dzk dh

¼
XK

k¼1

c0

j cos hj

Z
zk

Z
yk

Z
xk

bksk cos ak

ðmk þ qk= cos hþ hcÞ2 þ s2
k

dxk dyk dzk

ðA:7Þ

For small modulation amplitudes, the collected projection data
can be approximated by the first derivative of RT computed in (A.7)
scaled by cos2h. Therefore,

p̂a ¼ cos2 h
d

dqk
pa

¼
XK

k¼1

c0 cos2 h
j cos hj

d
dqk

Z
zk

Z
yk

Z
xk

� bksk cos ak

ðmk þ qk= cos hþ hcÞ2 þ s2
k

dxk dyk dzk ðA:8Þ

which using Leibniz’s rule becomes

p̂a ¼
XK

k¼1

c0 cos2 h
j cos hj

Z
zk

Z
yk

Z
xk

� @

@qk

bksk cos ak

ðmk þ qk= cos hþ hcÞ2 þ s2
k

 !
dxk dyk dzk ðA:9Þ

After taking the derivative and three integrals, Eq. (A.9) yields

p̂a ¼
XK

k¼1

ckbkskða1;k þ a2;kÞ cos ak ðA:10Þ

where

ck ¼
c0 cos h

gxgygzj cos hj
a1;k ¼ v1;k tan�1ðv1;kÞ þ v2;k tan�1ðv2;kÞ þ v3;k tan�1ðv3;kÞ

þ v4;k tan�1ðv4;kÞ � v5;k tan�1ðv5;kÞ � v6;k tan�1ðv6;kÞ
� v7;k tan�1ðv7;kÞ � v8;k tan�1ðv8;kÞ

a2;k ¼ �ð1=2Þ log 1þ v2
1;k

� �
þ log 1þ v2

2;k

� �
þ log 1þ v2

3;k

� �h
þ log 1þ v2

4;k

� �
� log 1þ v2

5;k

� �
� log 1þ v2

6;k

� �
� log 1þ v2

7;k

� �
� log 1þ v2

8;k

� �i
ðA:11Þ

with

v1;k ¼
1
sk
ðgxbxkc þ gybykc þ gzdzke þ qk= cos hþ hcÞ

v2;k ¼
1
sk
ðgxbxkc þ gydyke þ gzbzkc þ qk= cos hþ hcÞ

v3;k ¼
1
sk
ðgxdxke þ gybykc þ gzbzkc þ qk= cos hþ hcÞ

v4;k ¼
1
sk
ðgxdxke þ gydyke þ gzdzke þ qk= cos hþ hcÞ

v5;k ¼
1
sk
ðgxbxkc þ gybykc þ gzbzkc þ qk= cos hþ hcÞ

v6;k ¼
1
sk
ðgxbxkc þ gydyke þ gzdzke þ qk= cos hþ hcÞ

v7;k ¼
1
sk
ðgxdxke þ gybykc þ gzdzke þ qk= cos hþ hcÞ

v8;k ¼
1
sk
ðgxdxke þ gydyke þ gzbzkc þ qk= cos hþ hcÞ: ðA:12Þ

For the dispersion component, an expression equivalent of Eq.
(A.9) can be written as
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p̂d ¼
XK

k¼1

c0 cos2 h
j cos hj

Z
zk

Z
yk

Z
xk

� @

@qk

�bkðmk þ qk= cos hþ hcÞ sinak

ðmk þ qk= cos hþ hcÞ2 þ s2
k

 !
dxk dyk dzk ðA:13Þ

which after taking the derivative and three integrals yields

p̂d ¼
XK

k¼1

ckbkskðd1;k þ d2;k þ d3;kÞ sin ak ðA:14Þ

where

d1;k ¼ � tan�1ðv1;kÞ þ tan�1ðv2;kÞ þ tan�1ðv3;kÞ
�

þ tan�1ðv4;kÞ � tan�1ðv5;kÞ � tan�1ðv6;kÞ
� tan�1ðv7;kÞ � tan�1ðv8;kÞ

�
d2;k ¼ �ð1=2Þ v1;k log 1þ v2

1;k

� �
þ v2;k log 1þ v2

2;k

� �
þ v3;k log 1þ v2

3;k

� �h
þ v4;k log 1þ v2

4;k

� �
� v5;k log 1þ v2

5;k

� �
� v6;k log 1þ v2

6;k

� �
�v7;k log 1þ v2

7;k

� �
� v8;k log 1þ v2

8;k

� �i
d3;k ¼ v1;k þ v2;k þ v3;k þ v4;k � v5;k � v6;k � v7;k � v8;k ðA:15Þ

Therefore, for an inhomogeneous RF phase, EPR projection data
Y(g, /, h, q) can represented as

Yðg;/; h;qÞ ¼ p̂a þ p̂d

Ynðg;/; h;qÞ ¼ Yðg;/; h;qÞ þ nðg;/; h;qÞ ðA:16Þ

where n is additive white Gaussian noise with variance r2.
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