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ABSTRACT

EPR spectroscopy can give biologically important information, such as tissue redox status, pO2, pH, and mi-
croviscosity, based on variation of EPR spectral characteristics (i.e., intensity, linewidth, hyperfine splitting,
and spectral shape of free radical probes. EPR imaging (EPRI) can obtain 1D–3D spatial distribution of such
spectral components using several combinations of magnetic field gradients. Overhauser enhanced MRI
(OMRI) is a double-resonance technique of electron and nuclear spins. Because the Overhauser enhancement
depends on transverse relaxation rate of the electron spin, OMRI can provide pO2 information indirectly,
along with a high-resolution MR image. MRI can also indirectly detect paramagnetic behaviors of free radi-
cal contrast agents. Imaging techniques and applications relating to paramagnetic species (i.e., EPRI, OMRI,
and MRI) have the potential to obtain maximally 5D information (i.e., 3D spatial � 1D spectral � 1D tem-
poral dimensions, theoretically). To obtain suitable dimensionality, several factors, such as the EPR spectral
information, spatial resolution, temporal resolution, will have to be taken into account. For this review, the
EPRI, OMRI, and MRI applications for the study biological systems were evaluated for researchers to apply
the method of choice and the mode of measurements to specific experimental systems. Antioxid. Redox Signal. 9,
1125–1141.
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INTRODUCTION

SEVERAL IMAGING TECHNIQUES have been used clinically to
visualize the anatomy of human patients or experimental

animals or both noninvasively. Anatomic imaging techniques,
such as x-ray computed tomography (CT) and magnetic reso-
nance imaging (MRI) can provide anatomic information.

MRI can show not only anatomic information but also the
effects of proton relaxation time as contrast. Several pulse se-
quences have been developed to examine the effects of T1, T2,
T2

*, or M0. The difference of the MR image contrast obtained
before and after a cognitive task can impart biologic functional
information to the MR image, which is called functional MRI
(fMRI) or blood oxygen level–dependent MRI (BOLD-MRI)

(84). More recently, we have reported tissue oxygen level–de-
pendent MRI (TOLD-MRI) (76). This method detects en-
hancement of T1-weighted contrast in the tissue, which is due
to direct T1-shortening by the paramagnetic molecular oxygen.
A combination of a paramagnetic contrast agent and a time se-
quence of T1-weighted MRI scan can show the pharmacoki-
netics of the paramagnetic contrast agent. With a redox-sensi-
tive contrast agent, such as nitroxyl radicals, the redox status
in tissue can be estimated (75).

Electron paramagnetic resonance imaging (EPRI) requires
relatively stable free radicals, such as nitroxyl radicals, triaryl-
methyl (TAM) radicals, or paramagnetic particles as spin
probes. In the continuous-wave (CW) modality, information of
spatial distributions of the spin probes is encoded in the EPR
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spectrum using a static field gradient (1D spatial information).
However, EPR spectral information, such as linewidth and hy-
perfine splitting, are still retained in the EPR spectrum under
the gradient. Therefore, the EPR spectral information has to be
deconvolved from the projection data to reconstruct a pure spa-
tial image of the spin probe. Rotation of the field gradient can
give a projection data set to obtain 2D or 3D EPR image.

A systematic variation of field-gradient amplitudes on the
each direction of the gradient provides an additional spectral
dimension to reconstruct the pseudo spectral–spatial image ma-
trix. CW EPR spectral–spatial image-reconstruction technique
can give local spectral information as a reconstructed 2D, 3D,
or 4D spectral–spatial image matrix. Therefore, local environ-
ments encountered by the spin probe can be obtained from EPR
spectra, enabling molecular functional mapping capability. Al-
though data acquisition by time-domain EPRI is similar to MRI,
the data obtained by the time-domain EPR are basically same
as CW EPR, except that the data is Fourier transformed (70,
102). The data obtained by time-domain EPR is manipulated in
k-space to obtain 2D, 3D, or 4D spectral–spatial imaging.

Overhauser enhanced MRI (OMRI), also known as proton
electron double-resonance imaging (PEDRI), is a double-reso-
nance technique of electron and nuclear spins. In brief, the
OMRI technique can encode characteristic EPR spectral infor-
mation on a high-resolution MRI. The method uses paramag-
netic contrast agents, saturated by EPR irradiation, to polarize
water protons through dynamic nuclear polarization (DNP). The
polarized protons enhance the MRI signal intensity. Because
Overhauser enhancement is inversely dependent on electron re-
laxation-rate constant T2e, it can reflect EPR spectral informa-
tion, which depends on the pO2 (44).

Among the functional imaging methods, EPR-based modal-
ities have a unique characteristic that the physiologic informa-
tion can be better detected through EPR spectral information.
The fMRI techniques using redox-sensitive paramagnetic con-
trast agents provide another possibility of imaging the physio-
logic information. EPRI, OMRI, and MRI thus complement
each other and together provide co-registered anatomic and
functional/physiologic information. In this review, applications
of magnetic resonance–based functional imaging techniques
(i.e., separation of localized biologic information based on para-
magnetic compounds) are summarized.

FUNCTIONAL INFORMATION FROM
PARAMAGNETIC PROPERTY

Mouse models of human cancer are widely used for investi-
gation. Functional imaging of mouse models provides impor-
tant physiologic/pathologic information noninvasively. EPRI
with nontoxic paramagnetic spin probes (free radicals) can be
used in small-animal models to study tissue pO2 and tissue re-
dox status. In functional EPRI, in addition to spatial distribu-
tion, information such as EPR linewidth or EPR signal decay
rate also is obtained. Simple paramagnetic loss can also be de-
tected by T1-weighted MRI instead of EPRI, based on radical
reaction rates independently known from EPR spectroscopy.
Quantitative oxygen mapping can be achieved by EPR-related
spectroscopic imaging techniques (i.e., CW EPRI, time-domain
EPRI, and OMRI) using TAM radicals as an oxygen concen-
tration–sensitive probe. Nitroxyl radicals are used as redox-sen-
sitive probes for dynamic imaging by CW EPRI, OMRI, and
T1-weighted MRI. Several magnetic resonance modalities and
their combination with several paramagnetic compounds can be
used to obtain useful information for planning radiation ther-
apy in our laboratory (Fig. 1).

Although one important benefit for time-domain EPR is its
high temporal resolution, a major limitation for time-domain
EPR is that, ideally, only probes with a single narrow EPR line
such as TAM radical (linewidth is 0.2 Gauss) can be used as
spin probes. CW EPR, conversely, has no limitation on the
linewidth or shape of the EPR spectrum of the contrast agent
or both. Therefore, CW EPRI can use nitroxyl radicals
(linewidth, �1.4 Gauss). The important advantage of OMRI,
conversely, is the high spatial resolution and the additional pos-
sibility of slice selection. OMRI also has a linewidth limitation,
which is less restrictive than time-domain EPR. Some of the
nitroxyl radicals can be adequately used as contrast agents for
OMRI. Paramagnetic substances can be indirectly detected by
MRI because of the proton T1-shortening effect with clear an-
atomic resolution, although it will be difficult to extract quan-
titative EPR spectral information.

Figure 2 shows the examples of paramagnetic compounds for
in vivo EPRI, OMRI, and MRI. Nitroxyl radicals (Fig. 2A and
B) can be used for redox imaging using CW EPR and OMRI.
Nitroxyl radicals can also be used as redox-sensitive contrast
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FIG. 1. A schematic illustration of the
classification of magnetic resonance–
based functional imaging techniques and
applications being developed to support
radiation therapy. In vivo oxygen map-
ping is related with radiosensitization.
Quantitative oxygen mapping can be
achieved by EPR-related spectroscopic
imaging techniques (i.e., CW EPRI, time-
domain EPRI, and OMRI) using TAM rad-
icals as a pO2-sensitive contrast agent. In
vivo redox mapping is related to radiopro-
tection. Nitroxyl radicals are used as redox-
sensitive contrast agents for dynamic imag-
ing by CW EPRI, OMRI, and T1-weighted
MRI.
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agents for T1-weighted MRI. Unfortunately, nitroxyl radicals
are unsuitable for time-domain EPR because of their broad
linewidth. Less-toxic TAM derivatives (Fig. 2C), such as
Oxo31 and Oxo63, are well suited for in vivo time-domain EPR
and OMRI because of their narrow linewidth and high solubil-
ity in water. Particulate paramagnetic probes, such as India ink
(25), glucose char (109), lithium phthalocynaine crystals (40,
57), have also been proposed for in vivo EPR oximetry and
imaging in CW modality. These probes give a single-line EPR
spectrum whose linewidth depends on the in vivo oxygen con-
centration.

EPR-related spectroscopic imaging techniques can separate
pixel-wise EPR spectral information from the spatial data. Such
spectroscopic imaging leads to EPR oximetry, which is based,
for example, on the EPR linewidth measurement of TAM rad-
icals. Tissue pO2 mapping is based on the pixel-wise spectral
information. Dynamic (time-course) imaging techniques, based
on mapping the redox-sensitive nitroxyl contrast agent, can be
used in the tissue redox status estimation. The pixel-wise de-
cay rate of EPRI, OMRI, or T1-weighted MRI intensity can pro-
vide tissue redox mapping.

CONVENTIONAL CW EPRI

The CW EPRI method is basically similar to the first NMR
imaging developed by Lauterbur in 1973 (53), except that a rel-
atively larger magnetic field gradient is required for the CW
EPRI. The initial EPRI technique was developed in a field of
material sciences in 1979. Karthe and Wehrsdorfer (42) showed
the possibility of EPR imaging using a pair of field gradient
coils. Two particles of DPPH at a distance of 200 �m were sep-
arated on an EPR spectrum. The first 2D EPRI was reported by
Hoch and Day (36). An EPR image of two diamonds, which
have a paramagnetic defect in the crystal, was reconstructed on
a 20 � 20 matrix by algebraic reconstruction technique (ART)
from 12 projections oriented every 15 degrees in the range from
0 to 180 degrees. To obtain pure spatial distribution of the para-
magnetic center in the sample, a spectral deconvolution tech-
nique was introduced (35, 85, 86). In the late 1980s, the appli-
cation of the EPRI branched into two areas, which were
microscopic imaging (37, 38, 78, 87) and in vivo imaging. The
first L-band EPRI was reported by Berliner and Fujii in 1985
(10). One-dimensional EPR spectra of a nitroxyl radical, TEM-
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FIG. 2. Examples of nitroxyl spin probes
(redox-sensitive contrast agents) and TAM
spin probes (oxygen concentration–sensi-
tive contrast agents). (A) Five-member
rings (PROXYL derivatives). (B) Six-member
rings (TEMPO derivatives). Water solubility
and chemical reactivity depends on the mo-
lecular structure. (C) Oxo63 and Oxo31 are
low-toxic, water-soluble molecules with car-
bon-centered radicals, which have a single
EPR line.
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POL, absorbed into a celery stem were obtained under 24.3
Gauss/cm of the field gradient. The first 2D in vivo EPRI of a
tumor grown on a living mouse tail was reported by Berliner
et al. in 1987 (11). After that, 2D or 3D EPRI studies in mice
or rats were reported from several groups (2, 4, 41, 103). A va-
riety of EPRI systems and equipment for biologic samples were
developed by each group for their experimental purpose (3,
13–15, 24, 29, 47, 82, 83, 95).

The projection reconstruction (backprojection) technique
used in the EPRI was developed in the field of radiographic to-
mography, such as CT, positron emission tomography (PET),
single-photon emission computed tomography (SPECT), etc.
The backprojection algorithm can manipulate values that can

be integrated, such as radiation counts. The electron spin den-
sity is the analog of radiation count in the case of the EPRI. An
EPR spectrum obtained under a field gradient can be used as
projection data for the image, when the EPR spectrum consists
of a single line. In the case of a system with a hyperfine mul-
tiplet, one can obtain the projection information from any in-
dividual hyperfine line, as long as the features from other hy-
perfine lines are far away and do not overlap. If the features
overlap, algorithms are available to remove this interference
(45). After suitable filtering of the projection data (the EPR
spectrum under the field gradient), the intensity of each data
point on the projection can be directly backprojected to obtain
the image matrix (filtered backprojection, FBP). Theoretically,
the electron spin density is proportional to the doubly integrated
EPR spectrum (area of the integrated spectrum). An identical
spin density results in an identical area of the integrated spec-
trum. If the EPR linewidth is narrow and a constant, this fil-
tered backprojection process can give a true density mapping.
However, the linewidth of the EPR spectrum depends on the
microenvironments of the electron spins. A large linewidth
makes the EPR signal height small, and a small linewidth makes
the EPR signal height large. In other words, a broad linewidth
makes the spatial distribution blurred because of the wide dis-
tribution of the values. However, this fact suggests that the EPRI
can readily reflect spectral information as its image intensity.

The first trial of a functional EPRI was done by Swartz and
his colleagues (9). They obtained 2D EPRI showing an inten-
sity difference depending on the tissue (i.e., fat and muscle) (9).
This is due to the oxygen solubility in lipid-rich and water-rich
environments. They also showed EPRI intensity variations be-
tween fat and muscle depending on the oxygen concentration
in the perfused gas. The variation of EPRI intensity based on
an effect of EPR linewidth on the microwave power saturation
was reported (8, 16). This intensity variation was made by a
change in the microwave power saturation behavior of a dif-
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FIG. 3. Relation between the microwave power and EPR sig-
nal height of 2 mM Oxo63 aqueous solutions at different oxy-
gen concentrations. Solid and open circles indicate values
from the air-equilibrated (pO2, 160 mm) and argon-equilibrated
(pO2, 0 mm) samples, respectively. The argon-equilibrated sam-
ple (i.e., narrow linewidth condition) was power-saturated more
easily.

FIG. 4. An example of 3D oxygen mapping ob-
tained by the CW EPRI high- and low-power
method. This method is based on the electron T1e
difference caused by oxygen concentration in the
sample. The insert in the upper left indicates posi-
tioning of the mouse with an SCC tumor on its right
leg in a Litz coil–type resonator. A hypoxic core can
be found in the center of the tumor. 
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ferent EPR linewidth, which is due to variable oxygen concen-
tration in the samples.

Recently, we tried to obtain quantitative oxygen mapping
based on microwave power saturation, which depends on T1e

(T1 relaxation of electron spin) (33). The microwave power sat-
uration easily occurs for a spin probe having a narrower EPR
linewidth due to longer T1e relaxation time. However, a spin
probe with broad EPR linewidth is resistant to microwave sat-
uration, because of short T1e relaxation time. Similarly, for an
individual free radical species, a narrower linewidth in a hy-
poxic environment can be saturated more easily than the broader
linewidth in an oxygenated environment (Fig. 3). Theoretically,
the EPR signal intensity increases linearly, depending on the
root of the microwave power in nonsaturating conditions. When
microwave saturation occurs at a higher microwave power, the
EPR signal intensity becomes lower than the predicted inten-
sity. With the EPR signal or EPR image intensities obtained at
two different microwave power levels, the original linewidth of
the paramagnetic probe is predictable. The advantage of this
method is a relatively short data-acquisition time. Because just
two images obtained at different power levels can make an oxy-
gen mapping possible, the data-acquisition time will be just a
double of the usual imaging condition. The resolution of the
image is not identical throughout the image matrix, because the
EPR image resolution depends on the linewidth of the para-
magnetic probe. The two images taken at different power lev-
els may have different image resolutions. This effect is small
when a suitable spin probe is used. A triarylmethyl radical, such
as Oxo63 (Fig. 2C), which has very narrow EPR linewidth and
relatively lower sensitivity to the oxygen concentration in the
sample (0.19 Gauss at pO2 � 0 mm Hg to 0.24 Gauss at pO2 �
160 mm Hg) may be good to use for this T1e-based oximetry
method. With Oxo63 as the spin probe continuously adminis-
tered via a tail vein, a 3D oxygen mapping in an SCC tumor
implanted in the hind leg of a mouse was obtained (Fig. 4). By
an additional measurement with different a parameter, which
was the microwave power in this case, an additional dimension
(i.e., spectral information) could be encoded in the CW EPR
image.

Another functional imaging modality is dynamic (time-
course) imaging. In this case, the additional dimension is time.
After the rapid development of computer systems, rapid in-
strumental control and data manipulation has been possible. A
rapid succession of measurement of conventional 2D EPR im-
ages of an administered nitroxyl radical in an experimental an-
imal can provide the time course of clearance of nitroxyl radi-
cal. The assumption that all locations in the sample must give
a single EPR spectral component is again valid in this conven-
tional modality. Such measurements allow tissue (normal or tu-
mor)-dependent reduction rate constants of the nitroxyl radical
to be calculated pixel-wise from a time-series of EPR images
(Fig. 5). Figure 6 shows an example of in vivo EPR redox map-
pings showing a different decay rate of a nitroxyl radical in tu-
mor tissues treated or untreated with a GSH inhibitor (52).

The earliest in vivo EPR image of tumor on a mouse tail re-
quired 32 min for data acquisition of four projections in 1987
(11). In 1994, Alecci et al. (4) showed two sequential 2D EPR
images of coronal plane of rat abdomen after administration of
carboxy-PROXYL. In that time, one image data set still re-
quired 5 min for acquisition of eight projections. Trials of the

in vivo dynamic EPR imaging (i.e. time-course, time-resolved,
or temporal imaging) have been reported from 1996 by several
groups. Time-courses of 3D EPR images of isolated rat heart
(49), living rat head (108), and 2D images of living mouse heart
and bladder (43) were reported using nitroxyl contrast agents.
However, those 3D images required relatively long acquisition
times (for example, 11 min for 10 � 10 projections and 3 min
for 9 � 9 projections, respectively). Recent notable reports use
series of 2D EPR images to obtain a redox mapping. Different
clearances of i.v.-injected nitroxyl radical (carbamoyl-
PROXYL) in normal and RIF-1 tumor tissues of mice were ex-
hibited by series of 2D EPRI measured at the L-band (51). The
clearance of nitorxyl radical was faster in the tumor tissue than
in the normal tissue. They also showed a difference of decay
rate of carbamoyl-PROXYL in an RIF-1 tumor of BSO (GSH
inhibitor) treated and nontreated mice (52). Figure 6 shows their
results of BSO treatment/nontreatment. The decay rate of ni-
troxyl radical was GSH dependent. Different clearances of car-
bamoyl-PROXYL in the RIF-1 tumor of control and carbogen
(gas mixture of 95% O2 and 5% CO2) breathing mice were ob-
tained (39). The decay rate of the nitroxyl radical was decreased
by oxygenation of tumor tissue. At the same time, the validity
of EPR redox mapping was estimated by the different decay
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FIG. 5. A schematic drawing of the concept of dynamic
imaging. The additional time dimension to the spatial map-
ping of the paramagnetic contrast agent and functional infor-
mation, such as pharmacokinetics of the contrast agent, can be
tagged on to the EPR image. The time axis is by sequential
measurement of several EPR images. Consequently, pixel-wise
decay rates of EPR image intensity can be obtained.
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rate of TEMPOL in a four-tube phantom containing a different
flux of superoxide generation (106). The faster decay rate of
carbamoyl-RROXYL in an SCC tumor has been monitored by
EPRI (75, 101). Different decay rates of a nitroxyl radical in
different regions of a mouse brain have been reported (93).

Recently, a novel data-acquisition method for the conven-
tional CW EPRI using spinning field gradient was proposed
(88) and applied to low-frequency EPRI (17). Figure 7 shows
a comparison of a data-acquisition sequence of the conventional
EPRI and the spinning field-gradient method. The data acqui-
sition during a spinning field gradient gives a vertical data col-
umn, and then a simultaneous field sweep shifts the column.
The low impedance of the field gradient coil makes possible

the rapid spinning of field gradient (10–60 Hz in the X-band
experiment, 3–24 Hz in the 300-MHz experiment). The field
sweep was done only once within a few seconds. Therefore, a
2D EPRI data set can be obtained within a few seconds. Such
a fast EPRI technique may give a new concept of molecular
functional EPRI in the future.

MR REDOX IMAGING

Spatial resolution of an EPR image is not sufficient to distin-
guish the particular organ/tissue, for the following reasons: (a)
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FIG. 6. An in vivo EPR redox mapping (52). (A) Clearance of carbamoyl-PROXYL in RIF-1 tumor tissue after tail-vein in-
fusion. 2D images of the nitroxide from tumor (untreated and BSO-treated) were measured using L-band EPRI. The image data
were acquired using a magnetic field gradient of 15 G/cm at 16 orientations. The nitroxide in the tumor of the BSO-treated mouse
persisted longer, compared with that in the untreated mouse. (B) Redox mapping of tumor. Two-dimensional spatial mapping of
pseudo–first-order rate constants (left panels) and frequency plot (right panels) of the nitroxide reduction-rate constants in the
RIF-1 tumors of untreated and BSO-treated mice were obtained from the time-course image data shown in (A).
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the relatively broad EPR linewidth of the nitroxyl contrast agent
blurs the true distribution, and (b) EPR can detect only the dis-
tribution of the nitroxyl contrast agent, but no anatomic infor-
mation is observed. In addition, the 2D EPR image is not an in-
dividual slice, as in MRI and OMRI, and all information from
the vertical direction to the 2D plane overlaps. Although the 3D
EPRI has an advantage to obtain slices, 3D EPRI acquisition re-
quired a relatively long acquisition time and is not suitable to ob-
tain good temporal resolution. Therefore, most cases of the no-
table EPR redox imaging consist of obtaining a time sequence
of the 2D EPR images instead of 3D EPR images.

The nitroxyl radicals in an aqueous sample can be also de-
tected by MRI through enhanced T1-weighted contrast because
of its proton T1-shortening effect. T1-weighted gradient echo
MRI can provide an in vivo redox mapping based on the re-
duction of the nitroxyl radical with finer spatial resolution and
temporal resolution compared with CW EPRI (75). When it is
validated that the in vivo paramagnetic loss of the nitroxyl rad-
ical used in the experiment was caused by only simple one-
electron reduction to the corresponding hydroxylamine, T1-

weighted gradient echo MRI is better suited to see the tis-
sue/organ-dependent redox status. However, detection of the ni-
troxyl radical by MRI is based on T1-weighted signal change,
which requires an image obtained before administration of the
nitroxyl contrast agent as a baseline. Hence, the MRI can only
detect contrast differences before and after the challenge by the
nitroxyl contrast agent, requiring the administration of the ni-
troxyl contrast agent between the sequences of image acquisi-
tion. Conversely, in EPRI and OMRI, the concentration of the
nitroxyl radicals can be assessed directly.

EPR SPECTRAL–SPATIAL IMAGING

Projection reconstruction spectral–spatial imaging
(PRSSI) in CW EPR

A static field gradient imparts spatial information onto an
EPR spectrum in which the spectral information (linewidth) and
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FIG. 7. Comparison of the con-
ventional EPRI data acquisition
and the spinning field-gradient
method. (A) Conventional EPRI
data acquisition. The direction of
magnetic field gradient, �, is fixed
during a magnetic field sweep. The
magnetic field, r, is incremented to
obtain a projection consisting of n
data points. After reversing the
magnetic field sweep, the projec-
tion data are obtained for the next
direction. (B) Data acquisition 
by the spinning field-gradient
method. The direction of magnetic
field gradient was spinning con-
tinuously. The increment of � (i.e.,
number of projections, m) depends
on the frequency of data acquisi-
tion. The magnetic field, r, is in-
cremented in n-steps to obtain n
data points on each projection. (C),
Data matrix of 2D EPRI. Both
methods give the same data ma-
trix. In conventional EPRI, projec-
tion data are obtained with a fixed-
angle � with changing magnetic
field r, and then the data matrix is
filled row by row. In the spinning-
gradient modality, a fixed mag-
netic field r with changing angle
� gives a pseudo spectrum, and the
data matrix is filled column by
column.
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spatial information are superposed. The variation of directions
of the static magnetic field gradient can expand the spatial di-
mension to 2D or 3D. As mentioned earlier, spectral informa-
tion still exists on the raw 2D or 3D EPRI data. A variation of
the magnitudes of field gradients can expand the spatial di-
mension of EPRI to give a spectral–spatial pseudo matrix. Fig-
ure 8 indicates a schematic drawing of theory of CW EPR spec-
tral–spatial data acquisition. The relative magnitudes of field
gradient and sweep width define the pseudo viewing angle in
the spectral–spatial space. The relation between the pseudo an-
gle � (degree) and amplitude of field gradient G� (Gauss/cm)
is given by

G� � tan� � �H/�L, (1)

where �H (Gauss) and �L (cm) are spectral and spatial win-
dow width of the spectral–spatial pseudo matrix. Because tan
� approaches infinity as the angle � approaches to �90 de-
grees, the maximum pseudo angle ��max is limited by the in-
strumentally possible maximal field gradient. Data will be miss-
ing for viewing angles from ��max to �90 degrees, known as

the “missing angle.” The sweep width SW� corresponding to a
viewing angle � is given by,

SW� � �H / cos�. (2)

All projections are interpolated to identical number of data
points to be subjected to projection-reconstruction process, such
as FBP or ART. Using a suitable variation of directions and
amplitudes of magnetic field gradients, 2D, 3D, and 4D EPR
spectral–spatial images can be reconstructed by conventional
projection-reconstruction algorithms.

The projection-reconstruction modality of the EPR spec-
tral–spatial imaging method is basically similar to the NMR
spectral–spatial imaging (12, 54, 97). The theory of EPR spec-
tral–spatial image-reconstruction algorithms were first de-
scribed by Maltempo (64). Individually, Ewert and Herrling
(23) first applied Lauterbur’s method to EPR and obtain a 2D
EPR spectral–spatial image. Later, the basic principles of EPR
spectral–spatial image-reconstruction technique were devel-
oped by Maltempo et al. (65, 66). Applications of the EPR spec-
tral–spatial imaging technique were developed also for mater-
ial sciences at X-band (67, 89, 96). 3D spectral–spatial (one
spectral and two spatial dimensions) images of a phantom con-
taining six different species were carried out and compared by
CW and time-domain (electron spin echo) EPR at X-band (102).

The basis of EPR oximetry is the measurement of the EPR
linewidth of a paramagnetic probe in a sample/animal. There-
fore, direct measurement of the EPR linewidth from spatially
resolved EPR spectra in an in vivo EPR spectral–spatial image
provides tissue pO2 mapping capability noninvasively. Kup-
pusamy et al. (46) developed a 3D EPR spectral–spatial imag-
ing system at 1.3 GHz for isolated rat heart and rabbit aorta us-
ing TEMPO as the oxygen probe. They successfully obtained
a 4D EPR spectral–spatial image of phantoms and an isolated
rat heart using 15N-d16-TEMPONE as the oxygen probe (48).
Halpern et al. (30) also proposed in vivo oximetric imaging in
deep tissue using an EPR spectral–spatial imaging technique.
Halpern et al. (31) carried out EPR spectral–spatial imaging of
the abdominal part of a whole mouse using several nitroxyl rad-
icals as the oxygen probe.

Combination of the EPR spectral–spatial imaging technique
and a suitable paramagnetic probe, which is stable and has a
simple EPR spectrum, allowed 3D imaging of the oxygenation
in the gastrointestinal tract in living mice (34). A 2D pO2 map-
ping in a mouse tail was reported with a nitroxyl contrast agent,
carbamoyl-PROXYL (94). However, the nitroxyl contrast
agents were unstable in the living system to sustain the EPR
signal intensity long enough to perform oximetry. The lack of
an ideal paramagnetic probe for oximetric imaging had been
mentioned (50). Useful paramagnetic probes for EPR oxygen
mapping should possess the following characteristics: (a) sim-
ple EPR spectrum; (b) oxygen-dependent linewidth; (c) water
solubility; (d) chemical and biologic stability; and (e) low tox-
icity. Several TAM radicals have been developed as contrast
agents intended for OMRI oximetric imaging (7, 105). Finally,
Oxo63 and/or Oxo31 (Fig. 3), which satisfy these requirements,
were developed by Nycomed Innovation (Malmö, Sweden).
Several spectral–spatial EPRI experiments were reported with
Oxo63 or Oxo31 (21, 70).

In a different context, the EPR spectral–spatial imaging tech-
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FIG. 8. The theory of CW EPR spectral–spatial imaging
data acquisition. A 2D spectral–spatial pseudo plane con-
sisted of a spatial window �L, and spectral window �H is seen
from the maximum angle �max. The projection profile of �max
obtained under G�max requires SW�max. Finally, all projections
are interpolated to identical data points.

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2007.1638&iName=master.img-007.png&w=132&h=335


nique was used to separate multiple free radical species in a
single experimental system. Matsumoto and Utsumi (69) pro-
posed a simple method to separate 2D distribution of multiple
free radical species using a phantom containing two nitroxyl
contrast agents, carbamoyl-PROXYL and PTIO. With this
method, 2D distributions of hydroxyl radical trapped by DMPO
(DMPO-OH) and nitric oxide trapped by Fe2�-MGD (Fe2�-
MGD-NO) in a phantom were successfully separated. The same
method was applied to observe the fates of highly concentrated
(300 mM) CAT-1 solution encapsulated in liposomes and a free
2 mM CAT-1 solution injected in mice (72). The location of
anthralin radical caused in mouse skin by UV-A irradiation was
calculated from the location of DPPH radical as a landmark in
a microscopic 2D EPR spectral–spatial image at X-band (73).
The unique characteristic of CW EPR PRSSI is that the multi-
ple paramagnetic species can be detected simultaneously.

Time-domain EPR imaging

Time-domain EPR is also referred as Fourier transformation
(FT) EPR. The time-domain EPR technique is severely limited
by the very fast electron-relaxation process. Hence the para-
magnetic species suited to the time-domain EPR measurement
should have quite a narrow EPR linewidth. EPR spin-echo
imaging techniques were developed by Eaton and colleagues
almost simultaneously with CW EPR spectral–spatial imaging
at X-band (19, 20). In 1990, 3D spectral–spatial imaging tech-
niques were achieved by both the electron spin echo and the
CW detections at X-band (102). With the availability of TAM
radicals, in vivo application of the time-domain EPR was im-
plemented in 1997 (80), nearly 10 years later than the first in
vivo CW EPR imaging. The initial developments of low-fre-
quency (radiofrequency) time-domain EPRI were carried out
by two groups [i.e., Sotgiu and colleagues (6, 91, 92) and Kr-
ishna and colleagues (1, 18, 98)]. Both groups used detection
of free induction decay (FID) rather than spin echo. The imag-
ing method was based on the projection reconstruction with a
combination of field gradients applied on polar coordinates.

The first example of physiologic imaging obtained by time-

domain EPRI was reported by Subramanian et al. (99) with T2e
*

(T2
* relaxation of electron spin)-based EPR oxygen mapping.

When several absorption spectra were obtained from one FID
with progressively increasing acquisition delay, the peak height
of the absorption spectra decayed as an exponential function of
the delay from the initial time. This decay of the peak height
is based on T2e

*. Therefore, comparison of several 2D or 3D
spatial images reconstructed from projection data sets of sev-
eral starting times gives T2e

*-based oximetric information. The
FID-based imaging and oximetry is fraught with artifacts be-
cause at high gradients, the T2e

* becomes short because of in-
creased frequency band-width and interference, leading to con-
siderable loss of net signal within the “dead-time” of the
spectrometer. In oblong systems, the integrated intensities of
projections do not remain constant throughout all gradient di-
rections, not to mention the distortion at the edges from the
linewidth of the probe, although this can be removed by stan-
dard deconvolution methods. In summary, the FID-based FBP
EPR imaging method does not work well except with probes
having a very long relaxation time.

Krishna and colleagues have continued developing the 300-
MHz time-domain EPRI instrument and imaging modalities to
achieve a reliable and reproducible noninvasive in vivo EPR
pO2 mapping method. The performance of the time-domain
EPR spectrometer/imager was described elsewhere with de-
tailed comparison with our 300-MHz CW EPRI instrument
(107). An alternative spatial encoding scheme, the single-point
imaging (SPI) modality, was developed for time-domain EPRI
and practically eliminates the linewidth effects and dead-time
effects (100). The method also can be extended to provide a
time-domain EPR spectral–spatial imaging modality. The SPI,
which is also referred to as constant-time imaging (CTI), was
first introduced to NMR imaging in solids (22, 68). Although
the details of principles of time-domain EPR SPI have been de-
scribed elsewhere (100, 101), an outline of the modality is sum-
marized in Fig. 9.

As shown in Fig. 10, a series of single point images can be
obtained from every time point of the FID. Those image in-
tensities decrease with time �p depending on the transverse re-
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FIG. 9. Schematics of single-point
imaging. (A) The FID after excitation
pulse is digitized using a fast ADC (500
mega samples/s). (B) The gradients are
systematically incremented from a neg-
ative maximum to a positive maximum.
(C) The phase imparted on any particu-
lar time point, �p, of the set of FID sim-
ulates a gradient-echo response in the
transverse magnetization. A set of FID
data was saved for FT image recon-
struction. Each time point of the FID set
contains the full image information. (D)
A series of 1D spatial profiles (i.e., 1D
SPIs) was obtained by FT of data points
at each time point. The FOV of SPIs
were varied depending on the time after
the pulse, �p.
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laxation, although individual images have no linewidth in-
formation. Hence the spatially separated FID information
(i.e., spectral information) can be reconstructed on the time
axis. Therefore, the EPR SPI method is neither more nor less
than EPR spectral–spatial image reconstruction in a Fourier
k-space. However, the field of view (FOV) of a single point
image depends on the delay �p time after the pulse and is
given by

FOV � N � 2� / (�e � �p � Gmax) � 2� / (�e � �p � �G) (3)

where N is the number of samples in k-space, �e is the gyro-
magnetic ratio of the electron, Gmax is the maximum field gra-
dient and �G is the incremental step of field gradient. Images
generated from different time points in the FID should be

rescaled to an identical FOV for a direct pixel-by-pixel com-
parison. Finally, T2e

* relaxation time for each pixel was esti-
mated from the reconstructed decay curve. In addition, a 2D
spectral–spatial image can be obtained by FT of time axis. The
method was called as FT constant-time spectral–spatial imag-
ing (FT-CTSSI). Using a combination of 2D or 3D field gra-
dients, 3D or 4D spectral–spatial imaging can be obtained. Fig-
ure 10 is a schematic drawing of the procedure for 3D
FT-CTSSI reconstruction.

This procedure should give a reliable estimate of transverse
relaxation times and apparent linewidths in principle. However,
small errors in resizing the images could manifest as serious
edge artifacts in practice. The gradient increment step �G and
the time after pulse �p determine the analytic image resolution
given by FOV/N. An object in the SPI constructed from very
short delay time �p, which corresponds to very low resolution,
must have a blurred edge because of “brute-force” interpola-
tion. Such erroneous values from the edge lead to errors in the
estimate of the transverse decay constant, and hence linewidth.
Therefore, the spatial resolution of SPIs belonging to time axis
should be identical to obtain reliable pixel-wise transverse de-
cay constants.

Several SPI data sets with multiple Gmax can be combined
to provide identical resolution with different �p (32). A large
gradient step �G gives a small FOV at short �. Conversely,
small �G gives the same FOV at long �. Several SPIs of the
same FOV can be picked up from multiple Gmax data sets.
The combined data set form multiple Gmax data sets to pro-
vide uniform resolution and FOV leads to more reliable quan-
tification of T2e

* (Fig. 11). Using the multiple Gmax method,
the oxygen concentration in a phantom containing 0–40
mm Hg oxygen was estimated with accuracy of �0.9 mm Hg
(74). The result of in vivo 3D oxygen mapping (4D CTSSI)
showed the presence of a hypoxic core in the SCC tumor im-
planted in the right hind leg of a C3H mouse (Fig. 12). A 3D
image with 25 � 25 � 25 (� 15,625 gradient steps) can be
done within 3 min with an average of 2,000 FIDs, whereas a
2D image with similar gradient steps can be accomplished in
�15 s.

Halpern and colleagues (63) developed a spectral–spatial
EPRI using electron spin-echo detection at 250 MHz, and re-
ported oxygen-concentration mapping in phantoms (63). The
spin-echo imaging can give information based on T2e instead
of the CTSSI, which uses T2e

*, which depends on the field gra-
dient itself. A major advantage of spin-echo detection is that
no dead-time problems occur. Hence, FT of echo gives an undis-
torted spectral shape, and projection-reconstruction process can
be well worked on the echo imaging data. Therefore, with an
assumption that the EPR spectral shape of the paramagnetic
probe is lorentzian, the numbers of data required for 3D spec-
tral–spatial imaging by spin echo is NP � ME, where NP is the
number of projection and ME is the number of echo. The ME

can be much smaller than NP. However, the 3D CTSSI requires
N2 � MG, where MG is a number of Gmax data sets. Similarly,
4D spectral–spatial imaging by spin echo is available with
NP

2 � ME projections (4D CTSSI requires N3 � MG). In addi-
tion, larger field-gradient strength, which can give better image
resolution, can be used. Moreover, it may be possible to use
relatively broad linewidth species, such as nitroxyl radicals, to
perform imaging.
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FIG. 10. Schematic procedure for 2D SPI reconstruction.
(A) A set of FIDs measured under 2D field gradient was placed
on a k-space, and then the matrix was zero filled (2n � 2n) for
FT. (B) Although 2D FT procedure for each time point gives
a set of 2D SPI, delayed time points represent larger durations
of the phase-encoding gradients and lead to lower Nyquist
bandwidths corresponding to smaller FOVs (i.e., “zoomed-in”
images). Gray slices in B indicate regions of identical FOV for
each time point. (C) All SPIs were rescaled to an identical
FOV, and a 3D matrix (2D spatial and 1D time domain) was
obtained. Finally, time axis can be transferred to spectral axis
by FT.
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Comparison of PRSSI and CTSSI in CW EPR

The CTSSI technique can be extended to the CW EPR mo-
dality (70). The only difference is that the CW EPR spectrum
is in the frequency domain, which can be converted into the
time domain by an inverse Fourier transformation and then be
treated in the same manner. Both derivative (original) and in-
tegral CW spectra could be used for CTSSI reconstruction.
Pseudo sampling time �� for Fourier-transformed CW data is
obtained with the following equation:

�� � h/(g � � � H) (4)

where g is g-value, � is the Bohr magneton, h is the Planck
constant, and H is the sweep width. Finally, a spectral–spatial
image can be observed by the FT of the time dimension. This
final spectral–spatial image obtained by the CTSSI should be
the same one obtained by the PRSSI when images of both mo-
dalities were compared with the same FOV. Table 1 shows a
comparison of PRSSI and CTSSI modalities in CW EPR.

If an infinite number of Gmax data sets can be available, the
method can reconstruct undistorted line shapes, although the
long data-acquisition time will be impractical even for the FT-

CTSSI worked on the time-domain EPRI. Therefore, the three
to four Gmax data sets for T2e

* estimation used in the FT-CTSSI
may be valid when a paramagnetic contrast agent having a sin-
gle lorentzian line EPR spectrum is used. The CTSSI modality
in CW EPR may usually work with single Gmax data because
of the long data-acquisition time of the CW modality. Although
an advantage of the CTSSI modality for CW EPR is better re-
covery of spectral shapes, linewidth broadening and background
distortion occurred in the single Gmax data because of the un-
avoidable variation of the FOV.

Although the CTSSI modality does not have the concept of
“missing angle,” per se, some artifacts observed in the spec-
tral–spatial image obtained by CTSSI look similar to the “miss-
ing angle”–based artifact in the PRSSI. Just as infinite or very
large gradients cannot be practical (for viewing angle close to
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FIG. 11. Estimation of pixel-wise pO2 from SPI data sets.
An SPI data set was reassembled from several SPI data sets ob-
tained using multiple Gmax settings. Pixels of reconstructed FID
are replotted, semilogarithmically. The slope of semilogarith-
mic plot of FID gives T2e

*. The EPR linewidth can be calcu-
lated from the T2e

*. The pO2 value can be obtained from EPR
linewidth using a calibration curve. Finally, pO2 values are re-
arranged onto an image matrix.

FIG. 12. In vivo 3D oxygen mapping by FT-CTSSI. (A)
Schematics of the geometry of the animal and the slices. The
EPRI data sets were obtained with three different Gmax settings
(1.5, 1.2, and 0.8 Gauss/cm), and 213 k-space samples were ac-
quired in 18 min. (B) The FOV was encoded in 21 gradient
steps corresponding to a slice thickness of 2.2 mm. A 3D im-
age was reconstructed on 643 matrix, giving a voxel resolution
of 0.7 mm3. A voxel resolution of 0.7 mm3 with a slice thick-
ness of 2.2 mm implies that three consecutive slices are con-
tained in a slice. Several nonadjacent axial and coronal slices
are shown from the 3D pO2 mapping. Numbers on the image
refer to the slice number.
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�90 degrees) in the case of PRSSI, uniform resolution at all
delays is difficult in CTSSI because at very short delays, larger
gradients will limit the resolution, whereas at large delays for
the same gradients, the SNR will be poorer. Obviously, those
limitations of data acquisition seem to be parallel in the two
methods, and one may not be able to get over the “missing an-
gle” problems.

OMRI

OMRI is a double-resonance technique involving both EPR
and NMR, referred to also as PEDRI, in which the native MRI
signal is enhanced by the Overhauser effect (90), also known
as DNP. In other words, the OMRI is an MRI-based technique
that can indirectly provide information relating to the EPR
linewidth of the paramagnetic contrast agent. To start with, the
spin system of paramagnetic contrast agent (free radicals; i.e.,
unpaired electrons) coexisting in the sample is saturated by the
irradiation of the RF pulse (EPR irradiation). Next, the energy
of polarized electron spins transfers to nuclear spins through
the electron-relaxation pathway of the paramagnetic contrast
agent (mostly via electron–nuclear dipolar interaction). Finally,
large population differences of energy state of nuclear spins are
obtained. Thus, the result is an enhanced NMR signal intensity.

A combination of OMRI and TAM contrast agent provides
pO2 images co-registered with morphologic information (7, 26,
27, 44). The OMRI oximetry, which detects the variation of
EPR linewidth of the TAM radical, is based on the EPR oxime-
try technique. The OMRI oximetry can achieve noninvasive and
quantitative oxygen-mapping capabilities with good anatomic
information. Figure 13A shows an axial slice of the normal and
tumor-bearing thighs of a mouse, which shows an anatomic im-
age with good resolution displaying the heterogeneity of dis-
tribution of the paramagnetic contrast agent in the tumor. Fig-
ure 13B is a calculated pO2 mapping using the same data set,
exhibiting a low oxygen level in the tumor tissue. The OMRI
oximetry required a careful regulation of pharmacokinetics of
the TAM radical (71), because a constant concentration of TAM
radical in specific regions throughout the data acquisition is
necessary. The accumulation or elimination of the TAM radi-

cal during the data acquisition could translate to change of pO2,
because the Overhauser enhancement factors depend both on
the TAM concentration and on the pO2. Adequate image in-
tensity for in vivo oximetry by OMRI could be achieved only
by continuous probe injection, which resulted in 1 mM Oxo63
concentration in the blood. A systematic correction of the data,
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TABLE 1. COMPARISON OF PRSSI AND CTSSI

PRSSI CTSSI

Gradient coordinate system Polar Cartesian
Gradient increment Depending on pseudo angle � Identical incrementation

G� � tan� � �H/�L Gn � [n 	 (N � 1)/2] � G, (n � 1 to N)
Sweep (band) width Depending on pseudo angle � Identical for all data

SW� � �H/cos� SW � h/(g � � � �T)
FOV Flexibility of �H/�L is limited by Gmax. FOV � N � 2�/(�e� 
p � Gmax) � 2�/(�e� 
p � �G)
Image reconstruction Back-projection based reconstructions FT (k-space)
Image resolution Depending on Gmax and linewidth Depending on FOV and N
Limitation (impossible data) � � 90 degrees 
p � 0 ns
Reason of the limitation G� and SW� are divergent at � � 90 degrees FOV is divergent at 
p � 0 ns

PRSSI, projection reconstruction spectral-spatial imaging; CTSSI, constant-time spectral-spatial imaging; FOV, field of view.

FIG. 13. OMRI oximetry. (A) Anatomic information ob-
tained by OMRI. (B) Oxygen mapping of the identical slice of
A. An axial slice of the tumor-bearing and normal legs of a
mouse measured by OMRI (TR, 750 ms; TE, 25 ms; TEPR, 500
ms; EPR power, 90 W; NEX, 2; FOV, 32 � 32 mm; slice, 8
mm; and resolution, 64 � 64) 35 min after Oxo63 injection
(0.75 �mol/g b.w. bolus injection followed by 0.06 �mol/min/g
b.w. continuous injection). 
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such as the differences in the intrinsic T1 of the sample, is re-
quired for the OMRI oximetry (77). The pO2 resolution obtained
by the OMRI oximetry critically depends on the signal-to-noise
ratio (SNR) of the native MRI. The pO2 resolution obtained by
our instrument using 15 mT for MR detection was around �5
mm Hg. Although the oxygen resolution of OMRI has relatively
wider variation compared with the time-domain EPR CTSSI with
the multiple Gmax method (�1 mm Hg), the detailed anatomic
information that one can obtain in OMRI is not possible with the
EPRI techniques. Fusion of OMRI and time-domain EPRI can
resolve problems associated with anatomic co-registration. A
combined EPRI/OMRI scanner can use similar magnetic-field
amplitudes. A preliminary version of such a scanner is being
tested to obtain capabilities of anatomic co-registration by OMRI
with spectral (pO2) information from EPRI.

The use of OMRI for detection of nitoxyl contrast agents was
started by Lurie and colleagues from the late 1980s (58, 59).
Nitroxyl contrast agents widely used for in vivo EPRI or OMRI
studies have two- or three-line EPR spectra, whereas most
OMRI experiments performed to date have used only a single
EPR line. Alecci et al. (5) developed a new OMRI apparatus,
equipped with a triple-tuned resonator, which was designed for
simultaneous excitation of the doublet (15N) or triplet (14N) EPR
lines of nitroxyl contrast agents. The details of the EPR hard-
ware used to generate the two or three EPR frequencies were
described, and images obtained with simultaneous multiple
EPR irradiation were reported (5). The nitroxyl contrast agents
have disadvantages for OMRI detection, such as hyperfine split-
ting and relatively broad linewidth. Lurie and colleagues (60,
61) developed a field-cycled system to achieve a higher mag-
netic field for MR detection for nitroxyl contrast agents. Very
recently, it was made possible with the field-cycled PEDRI to
obtain high-quality MRI by switching the B0 field from 5 mT
for EPR to 450 mT for MRI in 40 ms (62).

Utsumi et al. (104) proposed a novel imaging technique to
separate reduction or oxidation reactions or both, which can si-
multaneously occur in a sample, using multiple nitroxyl con-
trast agents labeled by different isotopes (i.e., 14N and 15N).
They also proposed separate imaging for intra- and extracellu-
lar reactions using dual-labeled nitroxyl contrast agents having
different membrane permeability. These applications, which
could also be addressed by the spectral–spatial EPRI mode,
were markedly improved with better temporal resolution and
higher spatial resolution and slice selection with OMRI. Zweier
and colleagues (55, 56) have worked in the field of cardiology
and tried to visualize redox reactions in the cardiovascular sys-
tems using EPR, and they developed several EPRI techniques.
The EPR-related spectroscopic imaging with high temporal and
spatial resolution using the OMRI technique has enabled rapid
imaging of free radical metabolisms.

The Overhauser effect is valid not only for proton but also
for other nuclides, such as 19F and 13C. Trials to detect 19F
tracer compounds using the OMRI instrument, which was also
called fluorine electron double-resonance imaging (FEDRI),
were reported (79, 81). An endogenous 13C-labeled tracer com-
pound is loaded with paramagnetic species (free radicals) to
special hyperpolarizer equipment and hyperpolarized at liquid
helium temperature by EPR irradiation to give an enhanced 13C-
MRI intensity (28). These techniques can be alternative appli-
cations of imaging nuclear probes.

CONCLUSION

EPRI is basically a spatially resolved spectroscopic tech-
nique. OMRI and MRI can indirectly detect paramagnetic be-
havior of free radical contrast agents. Functional information
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TABLE 2. CLASSIFICATION OF IN VIVO IMAGING TECHNIQUES AND APPLICATIONS BASED ON EPR OR PARAMAGNETIC SPECIES

Modality Detection Dimension Reconstruction Special condition Application References

EPRI CW Spatial PR Location mapping 2, 11, 15, 41, 103
Time course Redox mapping 39, 43, 51, 52, 106, 108
RF power series T1e-based oximetry 8, 33

Spectral–spatial PR Wide spectral window Separation of several 69, 72, 73
species

Short spectral window LW-based oximetry 21, 46, 47
Spectral-spatial FT (CTSSI) LW-based oximetry 70

FID Spatial PR Location mapping 99
Spatial FT (SPI) Location mapping 100
Spectral-spatial FT (CTSSI) Series of SPI and T2e*-based oximetry 74

Gmax
Spin-echo Spectral-spatial PR Series of echo times T2e*-based oximetry 63

OMRI GRE (MRI) Spatial (slice) FT Time course Redox mapping 55, 56, 104
FT Frequency series Separation of several 104

species
FT RF power series LW-based oximetry 26, 27, 44

(FEDRI) FT 19F detection 19F compounds 79, 81
MRI SPGR Spatial (slice) FT Nitroxide, time course Redox mapping 75

true FISP Spatial (slice) FT Hyperpolarized 13C Angiography 28

CW, continuous-wave; EPRI, electron paramagnetic resonance imaging; FID, free induction decay; FT, Fourier transform 
reconstruction in k-space; GRE, gradient echo; LW, (EPR) linewidth; OMRI, Overhauser enhanced MRI; PR, projection recon-
struction; RF, radiofrequency; SPGR, spoiled gradient echo; SPI, single-point imaging.



obtained through the paramagnetic compound (contrast agent),
such as EPR linewidth, signal decay, and so on, are spatially
resolved using a series of suitably controlled field gradients, RF
powers, and acquisitions. It is different from radiologic to-
mography techniques, which provide pharmacokinetic infor-
mation to spatial image using molecular probes. Table 2 is a
summary of in vivo imaging techniques and applications relat-
ing to paramagnetic species (i.e., EPRI, OMRI, and MRI).
Those imaging techniques have the possibility of obtaining
maximally 5D information (i.e., 3D spatial � 1D spectral � 1D
temporal dimensions), theoretically. Researchers should select
a modality that addresses a suitable balance of the spectral, spa-
tial dimensionality, and temporal information that is relevant
for their specific system.
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ABBREVIATIONS

ART, algebraic reconstruction technique; BOLD-MRI, blood
oxygen level–dependent MRI; CT, x-ray computed tomogra-
phy; CTI, constant-time imaging; CW, continuous-wave; DNP,
dynamic nuclear polarization; EPR, electron paramagnetic res-
onance; EPRI, electron paramagnetic resonance imaging; FBP,
filtered back-projection; FEDRI, fluorine electron double-reso-
nance imaging; FID, free induction decay; fMRI, functional
MRI; FOV, field of view; FT, Fourier transformation; FT-
CTSSI, FT constant-time spectral–spatial imaging; MRI, mag-
netic resonance imaging; OMRI, Overhauser-enhanced MRI;
PEDRI, proton electron double-resonance imaging; PRSSI, pro-
jection reconstruction spectral–spatial imaging; PET, positron
emission tomography; SPECT, single-photon emission com-
puted tomography; SPI, single-point imaging; T1e, T1 relaxation
of electron spin; T2e

*, T2
* relaxation of electron spin; TAM, tri-

arylmethyl; TOLD-MRI, tissue oxygen level–dependent MRI.
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