Magnetic Resonance in Medicine 43:804—809 (2000)

Electron Paramagnetic Resonance Oxygen Mapping
(EPROM): Direct Visualization of Oxygen

Concentration in Tissue

S. Sendhil Velan,' Richard G.S. Spencer,’ Jay L. Zweier,? and Periannan Kuppusamy?®*

Tissue oxygen content is a central parameter in physiology but
is difficult to measure. We report a novel procedure for spatial
mapping of oxygen by electron paramagnetic resonance (EPR)
utilizing a spectral-spatial imaging data set, in which an EPR
spectrum is obtained from each image volume element. From
this data set, spatial maps corresponding to local spin density
and maximum EPR spectral line amplitude are generated. A
map of local EPR spectral linewidth is then computed. Because
linewidth directly correlates with oxygen concentration, the
linewidth image provides a map of oxygenation. This method
avoids a difficulty inherent in other oxygen content mapping
techniques using EPR, that is, the unwanted influence of local
spin probe density on the image. We provide simulation results
and data from phantom studies demonstrating the validity of
this method. We then apply the method to map oxygen content
in rat tail tissue and vasculature. This method provides a
new, widely applicable, approach to direct visualization of ox-
ygen concentration in living tissue. Magn Reson Med 43:
804-809, 2000. © 2000 Wiley-Liss, Inc.
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The vast majority of energy generation in living systems is
provided by aerobic metabolism. This mechanism requires
an adequate supply of oxygen to act as the final electron
acceptor of the mitochondrial electron transport chain.
Pathology related to lack of oxygen, and hence inadequate
energy supply, is widespread, and includes entities such
as coronary artery and peripheral vascular disease and
stroke. Further, oxygen is known to be a promoter of pa-
thology related to excessive free radical generation (1), as
seen for example in reperfusion injury in muscle or brain.
Accordingly, there has been a great deal of interest in
developing methods for measuring tissue oxygen content
in living systems (2—7).

Electron paramagnetic resonance (EPR) spectroscopy
and imaging techniques have been used extensively to
probe parameters of physiologic importance, such as tis-
sue metabolic activity, redox state, and oxygen (7-9).
These techniques require the incorporation of a suitable
paramagnetic spin label into the system under investiga-
tion. The principle of oximetry by EPR is based on the
paramagnetic characteristics of molecular oxygen, which
in its ground state has two unpaired electrons, and under-
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goes Heisenberg spin exchange interaction with the para-
magnetic EPR spin probe. This process is sensitive to
oxygen content, with the relaxation rate of the spin probe
increasing as a function of oxygen content. This increased
spin-spin relaxation rate results in increased line broaden-
ing. According to Smoluchowsky theory, the oxygen-
broadened linewidth is directly proportional to oxygen
concentration. The fact that the linewidths of EPR reso-
nance lines correlate with oxygen concentration has been
used in a variety of biological settings (6,7,9—11). In each
case, accurate measurement of oxygen-induced line broad-
ening requires the presence of a suitable EPR probe. In
general, particulate probes such as lithium phthalocyanine
(10,12) and synthetic char (13) are suitable for measure-
ments of oxygen partial pressure, whereas soluble probes
such as nitroxides and trityl compounds (14—16) measure
dissolved oxygen concentration.

Besides spectroscopic studies, EPR has also been devel-
oped as an in vivo imaging method (17) to map the distri-
bution of an incorporated spin label. One of the major
focuses of EPR imaging has been to map the spatial distri-
bution of dissolved oxygen in tissue (7). Methods have
been developed to produce image contrast based on oxy-
gen-induced line broadening. Subtraction techniques in-
volve acquiring images with and without oxygen perfusion
(18). Oxygen maps may also be obtained with variable
microwave power levels, since saturation depends on ox-
ygen concentration. Another approach has been to look at
the oxygen-dependent metabolism of nitroxides to indi-
cate differences in oxygen concentration (18). In these
studies, maps of oxygen must be interpreted in light of
possible variations in nitroxide concentration, rendering
the data difficult to interpret.

EPR spectral-spatial (or spectroscopic) imaging is a tech-
nique providing an EPR spectrum for each voxel in an
image data set (19). This method has been successfully
applied to a number of biological systems (7,20,21). Be-
cause the spatial and spectral dimensions are fully sepa-
rable, information about local linewidth, and hence local
oxygen content, can in principle be derived independently
from local spin density. Accordingly, we describe here a
new technique, which we call EPR oxygen mapping
(EPROM), for producing spatial maps of linewidth using a
spectral-spatial EPR data set. This linewidth map is then
translated to an oxygen map by appropriate calibration.

THEORY

The relationships among line amplitude, linewidth, and
area are well defined for the commonly encountered EPR
absorption lineshapes, that is, Lorentzian and Gaussian. In
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these cases, the area is proportional to the product of the
peak amplitude and the linewidth, measured, for example,
by the full width at half maximum (FWHM). The Voigt
lineshape, a convolution of Lorentzian and Gaussian line-
shapes, can be treated by deconvolution techniques
(22,23).

The area of a Lorentzian absorption line, A;, is given
by (22):

Ap=(m/2)YP™T (1]

where Y7® is the amplitude maximum, and I' is the
FWHM. The corresponding expression for gaussian ab-
sorption lines is (22)

Ac=1.065Y5T, [2]

In general, in EPR spatial imaging, an array is constructed
that corresponds to the spectral line amplitude at the res-
onant field, that is, at B = B,. Therefore, for a given line-
width, greater local spin density results in greater image
intensity, whereas for a given local spin density, greater
linewidth results in a smaller value for the maximum
spectral line amplitude, that is, lower image intensity.
Thus, the spatial array corresponding to B = B, reflects
both spin density and linewidth at each spatial location. In
contrast, a true spectral-spatial image data set provides the
complete absorption profile for the spectrum correspond-
ing to each voxel in the sample. Therefore, integration can
be performed over the spectral, or field, dimension to
obtain the spin density within the voxel. Thus, spectral-
spatial imaging can provide a spatial map of spin density,
independent of local linewidth.

The local linewidth can be computed directly from the
spatial maps of spin density and maximum spectral line
amplitude. Assuming that (i) the measurements are per-
formed under low-modulation and nonsaturating experi-
mental conditions, so the measured spin density of a para-
magnetic probe is directly related to the area under the
EPR absorption spectrum, (ii) the lineshape of the absorp-
tion profile from spins of each voxel may be expressed by
a Lorentzian or Gaussian lineshape, and (iii) the lineshape
function is invariant over the entire set of voxels, then the
linewidth at a given voxel (I',) is given by:

I,=«x A/Y™ (3]

where « is a constant for a given lineshape and A denotes
the area of the spectral line. This computation may be
performed over the entire image array to produce a spatial
map of linewidth. It should, however, be noted that the
constant k might take on different values depending on the
lineshape. As the EPR lineshape is modeled as a convolu-
tion of a Lorentzian shape (due to oxygen broadening) and
Gaussian shape (due to unresolved hyperfine splitting and
other random processes), the lineshape will be increas-
ingly Lorentzian in shape at higher oxygen broadening.
Thus, the value of k may vary from 1.065 for pure gaussian
to m/2 for pure Lorentzian. This constant can be calculated
by detailed lineshape analysis. A specific lineshape can be
assumed for linewidth estimations.
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Equation [3] must be modified to account for realistic
imaging conditions. Signals from voxels within the imag-
ing field of view but which are beyond the boundaries of
the object produce only noise, resulting in local values for
I', that have no physical meaning. Similar comments ap-
ply to signal from regions within the sample but with very
low image intensity, due either to large local linewidth or
to low spin probe concentration. Therefore, it is useful to
set I', = 0 for all regions for which the signal amplitude
falls below a fixed cutoff. In addition, upper and lower
limits to I', can be set based on the linewidths correspond-
ing to the expected range of oxygen concentrations as
determined by calibration experiments for the oximetry
probe employed.

MATERIALS AND METHODS

Phantom Construction

A phantom was constructed with six identical tubes (inner
diameter, 4.1 mm) filled with different concentrations of
1°N-labeled 4-0x0-2,2,5,5-tetramethylpyrrolinyl-d, ;-N-oxy
(perdeuterated tempone, PDT) and chromium oxalate
(CrOx), diluted in Dulbecco’s phosphate-buffered saline.
The tubes were filled to a height of 4 cm, with the solution
extending vertically both above and below the active re-
gion of the microwave cavity.

Calibration

Calibration of oxygen-induced line broadening as a func-
tion of oxygen partial pressure was performed on a saline
solution of 0.25 mM PDT by equilibrating with mixtures of
nitrogen and oxygen gases. Observed peak-to-peak widths
varied almost linearly from 0.28 G for 0% oxygen to 1.05 G
for 100% oxygen, thus, a total range of 0.77 G line-broad-
ening is available (Fig. 1). Because precise maintenance
and equilibration of different oxygen/nitrogen gas mix-
tures in a small volume of multiple tubes is difficult, we
chose to use potassium CrOx, a paramagnetic broadening
agent, to cause equivalent line broadening. A calibration
curve for the line broadening of PDT as a function of CrOx
concentration is shown in Fig. 1. It is observed that both
oxygen and CrOx produced almost identical linewidth
variation, approximated by a linear variation of 7.7 =
0.4 mG/% oxygen or 150 = 8 mG/mM CrOx. Thus, 1 mM
CrOx was equivalent to 20% oxygen in causing line-broad-
ening (T,) of 0.25 mM PDT solution under identical spec-
tral/image acquisition settings. Because the aim of this
work was to demonstrate the ability of obtaining linewidth
maps using EPR imaging, the source of line broadening is
immaterial. Hence in some of the phantom experiments,
we used CrOx to produce line-broadening variations.

Animal Preparation

Female Sprague-Dawley retired breeder rats weighing
325 = 25 g were used. The rats were anesthetized with a
combination of ketamine (80 mg kg™') and xylazine (5 mg
kg™) injected intraperitoneally. A bolus dose of 185 mg/kg
of 3-carbamoyl-2,2,5,5-tetramethyl-pyrrolidine-N-oxyl (3-
CP) in 1.0 ml saline was infused via tail vein cannulation.
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FIG. 1. Calibration of EPR line-broadening as a function of oxygen
partial pressure and chromium oxalate (CrOx). The oxygen calibra-
tion experiments were performed at 25°C, on a saline solution of
0.25 mM PDT by equilibrating with mixtures of nitrogen and oxygen
gases. Observed broadening peak-to-peak widths varied almost
linearly from 0 MG for 0% oxygen to 770 MG for 100% oxygen. Also
shown is a calibration curve for the line broadening of PDT as a
function of CrOx concentration. The data points shown are mean
values of at least three measurements. It was observed that both
oxygen and CrOx produced almost identical variation, approxi-
mated by a linear variation of 7.7 = 0.4 mG/% oxygen or 150 *
8 mG/mM CrOx.

The tail was positioned in the bore of a reentrant resonator.
The rat breathed ambient air (~21% oxygen).
EPR Equipment

The imaging experiments were performed using the L-
band EPR imaging system reported previously (24). A ce-

[Spin Label, mM]
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ramic 3-loop 2-gap reentrant resonator with a central bore
of 20 mm diameter was used for all the experiments (25).
The resonant frequency was 1.21 GHz.

EPR Methodology

Optimal selection of data acquisition parameters and ob-
ject centering within the cavity were performed by acquir-
ing 2D spatial images of the object. Three-dimensional
spectral-spatial projection data were acquired using angu-
larly sampled gradient fields. Field modulation was kept at
less than one-third of the minimum linewidth to avoid
over-modulation. Projection data acquisition and subse-
quent image reconstruction were performed using a per-
sonal computer with custom software. For phantom exper-
iments involving PDT, a total of 576 (24 X 24) projections
were acquired over a field of view (FOV) of 4.0 G in the
spectral dimension and 20 mm X 20 mm in the cross-
sectional spatial dimensions. The images were corrected
for hyperfine artifacts (26), and reconstructed using fil-
tered back-projection methods.

RESULTS

Figure 2 shows images of a six-tube phantom containing
saline solutions of PDT with concentration ranging from
0.25 to 0.50 mM. CrOx was added to each tube to induce
T, broadening equivalent to oxygen contents ranging from
21-96%. Spatial maps are displayed that correspond to (a)
maximum amplitude at resonance field, (b) total spin den-
sity, and (c) oxygen-induced broadening. The spatial map,
which gives the maximum amplitude of the signal at each
voxel, reflects the combination of spin density and line-
width, as discussed above. Neither the spin density nor the
linewidth information can be directly visualized from this
image. On the other hand, the intensity map, which was

Equivalent [Oxygen]

Amplitude Map

FIG. 2. Demonstration of the EPROM method on a six-tube phantom.
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Phantom construction is described in the text. The top panels show

the spatial arrangement and characteristics of the phantom. a: Spatial map corresponding to maximum amplitude. b: Spatial distribution
of spin density. c: Oxygen map. The gray-scale at right shows the equivalent oxygen concentration based on linewidth. The oxygen
concentrations seen in ¢ are in good agreement with the phantom characteristics.
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FIG. 3. Demonstration of the EPROM method on a simulated phantom. The phantom consisted of five concentric tubes containing different
concentrations of spin label (SL) and oxygen, as specified. The results of oxygen mapping using the data displayed in panels a and b, as
shown in panel ¢, are consistent with the simulation and input parameters.

obtained by converting the 3D spectral-spatial data set to a
2D spatial image by integration over the spectral dimen-
sion, provides direct visualization of spin density within
the phantom. Accordingly, the intensity map is indepen-
dent of linewidth and amplitude, and corresponds well
with the concentrations of PDT in the phantom tubes as
shown in the top-left panel. Similarly, the linewidth map
corresponds purely to equivalent oxygen content as shown
in the top-right panel.

Figure 3 displays simulated EPR images of a hypotheti-
cal oximetry phantom consisting of five concentric tubes.
Each tube was assigned the indicated oximetry probe con-
centration and oxygen partial pressure. The linewidths
ranged from 0.35 G to 0.80 G corresponding to 38%—66%
oxygen, using a hypothetical oximetry probe exhibiting
0.25 G anoxic linewidth. The images were reconstructed
from 576 (24 X 24) simulated projections with a 3D FOV of
4.00 G in the spectral dimension and 20 mm X 20 mm in
the spatial dimensions. The amplitude and spin density
images show image contrast produced as described above
for the phantom. The linewidth map computed from these
images and converted to equivalent oxygen concentration
is seen to be invariant to spin label concentration differ-
ences, but rather reflects linewidth only, as desired.

To further demonstrate the applicability of this method,
we imaged the cross-sectional anatomy and oxygenation of
the rat tail infused with a nitroxide label. We used 3-CP as
it is more stable in tissues than PDT, though 3-CP is less

Amplitude Map

Spin Density Map

225

¢ Y \
» N I

75

a b c 0

sensitive to oxygen due to its large peak-to-peak line-
width, 1.22 G at 0% oxygen (9). As described in the Meth-
ods section, rats were infused with 3-CP label and
breathed ambient air (~21% oxygen). A total of 256 pro-
jections were collected using a spectral window 6.5 G and
modulation amplitude 0.3 G. Figure 4 shows cross-sec-
tional spatial maps obtained from a typical experiment: (a)
maximum amplitude in the spectral dimension, (b) local
spin label density, and (c) oxygen distribution. The con-
trast observed in the oxygen map clearly shows the differ-
ence in tissue oxygen perfusion. It has been reported
(27,28) that rat tail consists of three different layers: bone,
tendon, and cutaneous. The artery and veins of the tail
exist as pairs, which are embedded in the tendon at the
interface with the cutaneous layer. At least three major
artery-vein pairs have been identified, while there are a
number of other smaller radial supply vessels (27). The
cross-sectional spin density images of the tail show four
prominent regions of nitroxide concentration. These re-
gions appear to correspond to the major vessels and sur-
rounding tissue and muscle bundles, which are separated
by bone (27). Anatomical distinction between the artery
and vein is not possible based on the distribution of the
nitroxide, which distributes into extravascular regions.
However, the oxygen map (c) clearly shows the existence
of oxygen gradients from the center of the four regions
where major vessels are located to distal regions. The
observed drop in oxygen concentration away from the

Oxygen Map 300

Oxygen Concentration (uM)

FIG. 4. Application of the EPROM method to a rat tail, in vivo. The rat was loaded (i.v.) with 185 mg/kg of 3-CP with its tail positioned in
the bore of a reentrant resonator as described in the Methods section. Data acquisition was started 25 min after the label was infused. 3D
spectral-spatial images were reconstructed from 256 projections. In vivo maps of (a) maximum spectral line amplitude, (b) spin label density,

and (c) oxygenation in the rat-tail cross-section are shown.
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center of the regions may be due to oxygen consumption
by the surrounding muscle tissue. Based on our calibra-
tions, a maximum oxygen concentration of 300 = 30 pM
was obtained at the center of these regions by the EPROM
method. The maximum value and its error limit were
obtained from a small area comprising of 5 voxels centered
in the region of interest.

DISCUSSION

There are a number of modalities available for in vivo
oxygen measurements. Methods that utilize microelec-
trodes, while having very high spatial and temporal reso-
lution, are highly invasive and require extensive sample
preparation (4). Protocols have also been developed em-
ploying "°F MRS and MRI, based on the effect of oxygen to
alter nuclear relaxation rates (29—31). In addition, the de-
gree of myocellular oxygenation has been assessed by mea-
surements of myoglobin signals in muscle and heart using
proton NMR spectroscopy (32). Further, functional brain
imaging in MRI is based on oxygen-induced changes of
magnetic susceptibility (33). EPR imaging protocols add
importantly to the NMR methods described above. They
are minimally invasive, and a wide variety of spin probes
are available for specific purposes. However, several fac-
tors, including limited spatial resolution and signal-to-
noise ratio restrict the accuracy with which the oxygen
distribution can be measured. Spectral fitting procedures
(7,23) have been employed for smoothing and extracting
linewidth and oxygenation parameters from the spectral-
spatial image data. However, none of the above methods
directly yield spatial maps of oxygen content.

Here, we have described a new technique for directly
producing a spatial map of oxygen in vivo in which local
image intensity is a function of linewidth alone. We have
demonstrated the validity of this technique using phan-
toms, computer simulations, and an in vivo arteriovenous
measurement of oxygenation in the tail of a living rat.
Unlike the spectral-fitting method of Halpern (7,23),
EPROM does not require parameterization of oxygen-in-
duced changes in lineshapes. Our method is applicable to
systems that have, in general, simple lineshapes that can
be approximated by Gaussian or Lorentzian shapes, whose
area under the absorption curve is directly related to its
amplitude and width. Such lineshapes are commonly en-
countered in nitroxide-based EPR oximetry experiments.

The accuracy of the EPROM method, however, depends
on several factors. The most important factor is the accu-
racy with which double integration can be performed on
the spectral data. Because EPR imaging necessitates the
use of small sweep-widths, double integration of Lorent-
zian shapes in particular will introduce truncation arti-
facts. Though the use of 6.5 G sweep for a probe of 1.2 G
anoxic linewidth may not be the optimum value for inte-
gration alone, its use is justified based on other limitations
to resolution. On the other hand, one may use spectral
fitting procedures to compute the area of the absorption
curve for each voxel, and then use EPROM to compute the
linewidth map. The accuracy of the method is also com-
promised, though to a lesser extent, by the effect of viscos-
ity differences in tissue fluids. Because viscosity effects
broaden nitroxide spectral lines, the EPR-based oximetry
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techniques tend to over-estimate the tissue oxygen con-
tent.

Another important factor that may affect the accuracy of
measuring oxygen concentration in biological tissue with
any EPR oximetry method is the existence of substantially
different oxygen solubilities in lipid-rich and aqueous
compartments within the tissue. The oxygen concentra-
tion in water equilibrated with room-air, corresponding to
a partial pressure of oxygen ~160 mmHg, at 37°C, is ap-
proximately 224 uM. However, the oxygen solubility in
lipids may be enhanced by a factor of up to 5 compared to
that in the aqueous phase. It should be noted that the
measured oxygen concentration of 300 uM is twice of that
expected from an aqueous sample at arterial saturation
(~100 mmHg). Nitroxide probes, such as the 3-CP, that
distribute both in the aqueous compartment and the lipid
compartment might report a higher oxygen concentration
than expected from a pure aqueous phase, at any given
oxygen partial pressure. Further, in our spectral-spatial
imaging the spectral information was obtained from a 2-D
projection of the tail, wherein the spatial information
along the long axis of the tail was not resolved. This might
contribute to the difficulty in the precise location of the
artery. Thus the measured value of oxygen at the arterial
location should be treated as an estimate from a circular
area (of 3 pixels or ~1 mm diameter) centered about the
artery that will include some overlap with the muscle
bundles outside the vessel. Thus, the measured oxygen
concentration in the arterial locations cannot be inter-
preted as a true quantitative measure from the aqueous
phase of the artery alone.

It should be noted that these problems are common to
EPR-based oximetry methods. Nevertheless, the proposed
algorithm for computing oxygen-induced linewidth maps
in intact biological samples should provide useful semi-
quantitative measurements of voxel oxygen concentra-
tions. With careful consideration of the factors discussed
above a fully quantitative mapping of oxygen should be
possible in a wide variety of in vitro and in vivo systems.
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