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I.

Introduction

In this brief article we provide an assessment of the
state-of-the-art in EPR imaging, and suggest some
of the future directions. Several reviews, including
two by Ohno (1,2) and two by us (3,4) comprehensively discuss the literature. Here we provide
an overview of published work (1-51), and unpublished results presented at the 10th International
EPR Symposium in August 1987 (52-64).
Only a very few papers had appeared by the time
of the first symposium on EPR imaging, in August
1984. At that time experiments, some unpublished,
had been done by Lauterbur, Berliner, Freed, and
Eaton in the US, Hoch in South Africa, Ohno in
Japan, Lebedev in the USSR, and Karthe and Ewert in East Germany. Now there are many more
research groups involved in EPR imaging, including
one researcher who used to say that there were "only
two problems with EPR imaging: there is nothing
to image and there is no way to do it."

Most reports of EPR imaging have emphasized
making pictures of objects. There has been an implied concept that the dimensions of interest were
the three cartesian dimensions of the laboratory coordinate system. The time-dependence of an image
has been used to study chemical kinetics and diffusion. Recent developments have encompassed a
wider range of dimensions including g-values, hyperfine splitting, relaxation times Ti and T2i and
the microwave magnetic field distribution.
The EPR imaging literature is summarized in
Table I. Key words are included to help guide the
reader to papers in the field. Some highlights are
discussed in the following paragraphs, with an emphasis on recent work.
A.

One- and Two-Dimensional SpatialSpatial Imaging

The gradients for one-dimensional imaging have
been generated (a) by a pair of coils with opposed
currents (most reports), (b) by ferromagnetic
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wedges (12,13,26,57), or (c) by splaying the coils
of the main magnet (34,52). Most of the gradients
used have been less than a few hundred gauss/cm.
Ohno (61) reported the development of ultrahigh
resolution EPR imaging by placing the sample in a
small coil at the end of a semi-rigid coaxial cable,
which made it possible to place the gradient coils
close to the sample in a water-cooled support, and
hence obtain a very large gradient (3300 G/cm).
Two-dimensional images have been obtained either by rotating the sample with one pair of gradient coils, or by using two sets of gradient coils.
Hoch's earliest 2-D image involved rotating the magnet (5,7). Two-dimensional images of spin density
in the xz or yz plane have been reported for a variety of samples (1,19,20,22,26,31-34,41,42,52,55,5860). (The axis parallel to the main magnetic field
is the z axis.) Many of the papers used samples
constructed specifically to demonstrate the ability
to obtain spatial information from EPR spectra. In
many of the 2-D images, the relation between image
array size and number of projections was not optimized. Only some cosmetic improvements are made
if a large number of data points per projection but
only a few projections are recorded. Sampling theory indicates that for an NxN image, one needs to
take N/2 (or TTN/4) projections. Nevertheless, each
of these early reports made significant contributions
to defining the breadth of the field. The 2-D images
caught the attention of other researchers and stimulated additional explorations.
Spatial-spatial imaging of species with multiline spectra has used two approaches. Most experiments were designed to examine an isolated line,
and the gradient was kept small enough to avoid
overlap with other lines in the spectrum. Resolution can be enhanced by deconvolution of the line
shape (7,8,10,17,31,41- 43). In a few papers the image was obtained from data including the hyperfine
splitting for a single species and the hyperfine splitting was deconvoluted (4,11,40). In either case the
line shape of the signal is assumed to be invariant
throughout the sample.
Marshall, Suits, and Umlor (59) have obtained
2-D images of the magnetic component of the microwave electromagnetic field in a cavity resonator
cooled with liquid nitrogen. A single line due to
gaseous oxygen (near 6350 G at X-band) was used
as the imaging agent. The image agreed with predictions from waveguide theory.
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One of the applications of EPR imaging is
the study of reaction kinetics (10) and diffusion
(12,15,27,28,33,35,36,40,57). Freed and coworkers
(57) used EPR imaging to rapidly determine translational diffusion coefficients on the order of D =
10~18 cm2 in 1 - 2 hours. One-dimensional concentration profiles in space were Fourier transformed
and the decay of the Fourier components in time
was analyzed to determine D. The speed of the determination was based on high spatial resolution. D
could be determined after species had diffused only
100 /xm. Either ferromagnetic wedges or pairs of
coils were used to obtain the desired gradients.
Swartz and coworkers (62-64) obtained oxygendependent images using several different approaches
to enhance resolution and contrast. The dependence
on oxygen concentration of linewidth, power saturation, and metabolism of nitroxides contributed
to measurement of diffusion and metabolism. Samples include fatty tissue, seeds, and spheroids (threedimensional cell aggregates). These techniques were
used to study live and nonviable cells in model tumor tissue and to study germination of lettuce seeds.
Most of the work has been done at X-band, using standard rectangular cavities. Berliner has reported several images of biological samples obtained
at L-band (about 1 - 2 GHz) with surface coils (1922,55), and Bowman and Halpern have built a spectrometer for imaging at 260 MHz (34, 52).
Janzen and coworkers (58) obtained two-dimensional ENDOR images by applying 5 G/cmfieldgradients withfigure-8coils rotated in the xy plane. Using the dependence of the ENDOR signal on oxygen
concentration and viscosity, images of these variables were obtained. Similarly, images based on solvent effects on hyperfine splitting are feasible. By
selecting the hyperfine line to image, individual images of two probes can be constructed. 2-D EPR
and ENDOR images were obtained of Fremy's salt
in capillaries and in plant tissue.
B.
1.

Pulsed EPR Imaging
Pulsed Field Gradients

Electron spin echoes can be formed in a 90° - r 180° - T - echo pulse sequence. Milov et al. (30)
applied a pulsed magnetic gradient between the two
microwave pulses and monitored the dependence of
echo amplitude on the duration of the gradient
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Table I
Sample

Experiment

Lab/Year

Fremy's salt

coils on Varian E-4 cavity

Lauterbur/early 1970's

diamonds

2-D by rotating magnet

Hoch/1979

5

DPPH

1-D, 200 micron resolution,
1500 G/cm pulsed gradients

Kar the/1979

6

DPPH

2-D, deconvolution

Hoch/1981

7

DPPH,

1-D, pulsed gradient,
deconvolution

Ohno/1981

8

modulated gradient

Karthe/1982

9

1-D, vertical flow system,
figure-8 coils, deconvolution

Ohno/1982

10

calc.

deconvolution with analytic
function for hyperfine

Ohno/1982

11

chlorocarbon radicals,
O2 in Teflon

ferromagnetic prism,
diffusion

Lebedev/1983

12

irradiated quartz

ferromagnetic wedges and rods, Lebedev/1983
dispersion adiabatic fast passage

13

organic radicals

modulated gradient,
diffusion

Ebert/1983,
1984

14
15

nitroxide
DPPH

power saturation differences
for 2 nitroxide environments

Eaton/1984

16

nitroxide

modulated gradient,
distribution in zeolites

Ewert, Ebert/1984

17

vanadyl in liq. crystal

1200 G/cm pulsed gradient

Ohno/1984

18

nitroxide in plant

L-band, 1-D and 2-D,
surface coils

Berliner/1985

19-22

nitroxide

modulated gradient

Ewert/1985

23

defects in Si

2-D spectral-spatial

Gorelkinski/1985

24,25

trapped electrons

ferromagnetic wedge, 280 G/cm

Lebedev/1985

26

nitroxide,
chlorocarbon

diffusion

Lebedev/1985

27

irradiated sulfuric acid
DPPH, Mn(II)
ascorbic acid radicals
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Table I (continued)
fluoranthenyl radical

pulsed microwave,
stepped gradient

Mehring/1985, 1986

28,29

irradiated quartz

pulsed gradient, spin echo
detection

Milov/1985

30

irradiated crystal

2-D, 2 sets of coils
deconvolution

Ohno/1985

31

nitroxide

2-D, convolution difference
resolution enhancement

Berliner/1986

32

nitroxide

diffusion in polymer, L-band
convolution difference

Berliner/1986

33

nitroxide, DPPH

260 MHz, gradient by splaying
coils plus rectangular coils for 2-D

Bowman, Halpern/
1986,1987

34
52

nitroxide

diffusion in tissue

Demsar/1986

35,36

coal, irradiated quartz

spin echo, T2 selectivity

Eaton/1986

37

coal, irradiated quartz

spin-echo, Bi distribution

Eaton/1986

38

nitroxide, chlorocarbon

2-D spectral-spatial
500 G/cm gradient

Ewert/1986,87

39,53,54

nitroxide

diffusion, deconvolution with
non-gradient spectrum

Freed/1986

40

diamonds, irradiated samples

2-D, quadrupolar coils,
deconvolution

Hoch/1986

41

NO2 at 10 K

2-D, 2 sets of coils

Ohno/1986

42

pitch

oil-cooled coils, 450 G/cm
30 micron resolution

Ohno/1986

43

fluoranthenyl radical

spin-echo,
pulsed field gradient

Sloop/1986

44

nitroxide

L-band, surface coils
in-vivo

Berliner/1987

55
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Table I (continued)
nitroxides

hyperfine deconvolution

Eaton/1987,4

coal, nitroxide, galvinoxyl

spin-echo, Ti selectivity

Eaton/1987

45

nitroxide, galvinoxyl, DPPH

2-D spectral-spatial

Eaton/1987

46,47

nitroxide, galvinoxyl, DPPH

2-D spectral-spatial
"missing angle" algorithm

Eaton/1987

48,56

nitroxide

2-D spectral-spatial,
Eaton/1987
transport, non-uniform media

49

copper, vanadyl

2-D spectral-spatial,
portions of spectra

Eaton/1987

50

nitroxide, galvinoxyl

3-D spectral-spatial-spatial

Eaton/1987

51

nitroxide

diffusion, ferromagnetic
wedges

Freed/1987

57

nitroxide

ENDOR-detected imaging,
viscosity-, oxygen-dependence

Janzen/1987

58

oxygen

2-D Bi distribution
in resonator

Marshall,
Suits/1987

59

fiuoranthenyl

2-D, pulsed microwave,
pulsed gradient

Mehring/1987 60

sample in small non-resonant
coil, 3300 G/cm gradient

Ohno/1987

61

fatty tissues, cell aggregates,
seeds, reduction, oxygenation

Swartz/1987

62-64

nitroxide, melanin
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pulse. They obtained an image of a cylindrical sample of irradiated quartz. The resolution of the image
depends upon the homogeneous linewidth. Sloop
et al. (44) used pulsed gradients with the gradient
turned on before the 90° pulse and turned off after
the echo was detected to obtain an image of two
crystals of the ftuoranthenyl radical.
Mehring and co-workers (29,60) have obtained
1 T/m field gradients, with switching times of 100
ns, by using stripline saddle coils mounted inside a
slotted tube resonator. The magnetic field gradient
was stepped and the amplitude of the FID at a given
time after a single microwave pulse was recorded,
which reduces the linewidth to the T2 limit. They
obtained a resolution of 10 /xm in solids. This application relied on the very long relaxation times of
solid fluoranthenyl salts.
2.

CW Gradients

Spin-echo detected EPR in the presence of a constant magnetic field gradient permits image selectivity based on values of T2. The feasibility
was demonstrated with samples of coal, irradiated
quartz, and pitch (37).
Electron-spin-echo-detected EPR using an inversion-recovery three-pulse sequence permits EPR
imaging selectivity based on electron spin longitudinal relaxation time. The Ti selectivity available
to the experimenter even in fairly common samples
was demonstrated at room temperature for samples of coal, irradiated quartz, nitroxyl radicals, and
galvinoxyl radicals (45). Changing the temperature
would greatly increase the range of Tj values. Indeed, one useful application would be to measure
temperature variations in samples.
It is well-known that the microwave magnetic
field intensity (Bi) in the usual TE102 cavity varies
as the relative distance from the center of the cavity. This known distribution of Bi provides a basis
for EPR imaging. The microwave pulse power and
width that gives a 90° flip angle at one point gives,
e.g., a 45° flip angle at another point that can be
mathematically defined once the Bi distribution is
known (38).

C.

Spectral-spatial Imaging

A fundamental problem to be solved prerequisite
to the general utility of EPR imaging is - given a
sample with an unknown number of species with
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unknown hyperfine structure, how does one map
the concentration of each species, and obtain its
location-dependent spectrum? Frequently the hyperfine splittings are as large as the spectral shifts
produced by the gradients used in imaging.
1.

Modulated Gradients

Modulated magnetic field gradients have been used
to separate spectral and spatial information in EPR
imaging by selectively examining a small region
within a sample (9,14,15,17,23). This approach
is a "sensitive-plane" or "sensitive-point" method
and suffers from more severe signal-to-noise limitations than approaches that examine the whole
sample simultaneously. Details of image reconstruction to avoid interference from neighboring regions
of the sample have been discussed (23,39). Ewert, Herrling, and Schneider (53,54) compared modulated gradient and multiple stationary gradient
techniques for separating spectral and spatial information. They have developed software and hardware for both techniques, and for spatial 2-D analysis. With modulated gradients, they achieve a resolution of 20 pm for a line width of 0.1 mT. They
have studied spin probes in zeolites and defects in
semiconductors.
2.

Multiple Stepped Gradients

The use of multiple magnetic field gradients to
solve the problem of multiple lines and multiple
line shapes in EPR imaging was developed independently by Eaton, Eaton, and Maltempo (3,46,47)
and by Gorelkinski (24,25) in EPR, and by Lauterbur in NMR (65-67). Ewert and coworkers applied
Lauterbur's NMR results to EPR (39).
Spectral-spatial EPR imaging gives the EPR
spectrum as a function of position in the sample
(46-48). Spectra are obtained at a series of magnetic field gradients that correspond to projections
in a spectral-spatial plane. The field gradient is the
scaling factor between the spectral and spatial coordinates. The spectral-spatial imaging experiment
examines a pseudo-object with length AH in the
spectral dimension and L in the spatial dimension
(46-48). The angle a defines the orientation of a
projection relative to the spectral axis. The maximum gradient, Gmax, is related to L and AH by
eqn. 1.
= tan(a m a i )Aif/L
(1)
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The magneticfieldsweep for each projection is given
by eqn. 2.
sweep width =

(2)

Eqns. 1 and 2 impose constraints on the imaging
experiment. For given values of Gmax and spectral
width, AH, the ratio ta,n(amax)/L is fixed. The
resolution of the image depends on the dimensions
of the pseudo-object and the number of projections.
If L is greater than the dimension of the resonator,
part of the spatial axis is experimentally inaccessible, and the resolution over the useable region of
space is degraded. It is therefore desirable to maintain L as close as possible to the dimension of the
sample. For experiments performed in a Varian
E231 cavity, this would be limited by the dimensions of the cavity.
For a given maximum magnetic field gradient,
the spatial resolution of the image can be improved
by collection of data for less than a full 180° angular range. Most image reconstruction algorithms
require projections obtained over 180° with equal
angular increments. If a complete set of projections
is used for spectral-spatial imaging, the number of
projections determines the value of amax, which determines the value of Gmax (eqn. 1) and the maximum sweep width (eqn. 2). For example, a complete set of 64 projections would require amax =
88.59°, and if L = 0.8 cm and AH = 32 G, then
Gmax — 1625 G/cm, and the maximum sweep width
is 1839 G. However, if accurate image reconstruction could be obtained with experimental data for
60 of the 64 projections and with estimates for the
four "missing" projections (at the largest positive
and negative angles), amax would be 82.97°, and if
L = 0.8 cm and AH = 32 G, then Gmax would be
324 G/cm and the maximum sweep width would be
370 G. Thus both the gradient and sweep width requirements can be reduced by about a factor of five
if about 6% "missing" information can be accepted.s
Since both maximum gradient and maximum sweep
width are directly proportional to AH, the advantage of using an incomplete set of projections is significant for any value of AH.• An iterative algorithm
has been used to estimate the "missing" information
(48). The algorithm does not require prior knowledge of the signals that contribute to the spectra.
Images have been obtained that show variations in
nitroxyl lineshape due to collisional broadening and
variations in motional averaging of the hyperfine in-

teraction at different locations in the sample. Images have also been obtained that distinguish a weak
TONE signal and a strong galvinoxyl signal in adjacent tubes from a surrounding solution of nitroxyl
radical (48).
If a sample is rotated and a 2-D spectral-spatial
image is obtained at each orientation, an image can
be constructed with two spatial dimensions and one
spectral dimension (51).
Spectral-spatial EPR imaging was used in our
laboratory to image the transport of nitroxyl radicals in solution under conditions in which the line
width of the nitroxyl changes as a function of time
and position in space. The changing spatial distribution and the changing variation in line shape
through the sample are faithfully displayed in the
2-D spectral-spatial images. This result greatly expands the class of problems for which EPR imaging
can yield diffusion and other transport information
(49).

Since spectral-spatial imaging requires the use of
a series of gradients and magneticfieldscans, an obvious question is what happens if the spectra at the
highest gradients and scan widths encompass lines
that are not present in the spectra at low gradient.
We have successfully imaged portions of the hyperfine spectra of paramagnetic metal complexes (50).
This result widens the scope of problems that can
be examined with EPR imaging.

D.

Summary of the State-of-the-Art

CW and pulsed EPR have been used to obtain images of electron spin density with resolution as small
as 10 fim. One-dimensional and two-dimensional
spatial images have been used to study inhomogeneous materials, diffusion kinetics, reaction kinetics, orientation of liquid crystals, and nitroxide
metabolism in vivo. Dimensions other than spatial can be included in the image. Selection can be
made based on electron spin relaxation times, and
strength of the microwave magnetic field, for example. The full hyperfine spectrum can be obtained for
unknown species at any point in a two-dimensional
spatial plane.
X-band EPR imaging is focusing on study of
materials and thin biological samples. The X-band
work has used standard cavities and slotted tube
resonators, and is approaching a high level of performance, including the application of many principles from NMR imaging. Resolution is approaching
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the micron level, using gradients as high as 3300
G/cm. For various experiments, the gradients are
CW, pulsed, modulated, or stepped. With a sample
that has good signal to noise, rapid imaging is possible. Image reconstruction has made rapid progress
recently, with the solution of the spectral-spatial
imaging problem. It is now possible to obtain spatial images of multiple-line species and multiple lineshapes in a sample. The detection method for imaging includes CW EPR, ENDOR, and pulsed EPR.
Applications to diffusion, oxygen or other broadening agent concentration, etc., are proceeding rapidly.
If the sample fits into a standard EPR resonator, almost any imaging experiment is possible.
In vivo imaging is in the early development
stages. It is being done at L-band frequencies
or lower. Feasibility has been demonstrated for
small biological samples, including seed germination, transport in plant stems, tumors and melanin
in mice, and diffusion in isolated tissue models. The
resonators being used at L-band are of the surface
coil type, with current development work on largeaccess resonators. Currently this work is limited to
use of nitroxyls, because the sensitivity is not yet
good enough for study of naturally occurring radicals.
Now, and over the next few years, the X-band
experiments will be the least expensive, and very
low or very high frequency imaging may be financially out of reach for most labs. The primary high
cost items are pulsed EPR, large gradients, some
resonators, and the development of software.

II.

Prognosis, and Areas Needing Emphasis

Future effort in FT EPR imaging, with pulsed field
gradients, will make 3-D imaging practicable. Ultimately, EPR microscopy should be able to give
higher resolution than NMR. Relative to NMR
imaging, there should be an advantage because the
measurement of diffusion times will not be limited
by spin relaxation rates in EPR.
One of the main obstacles to EPR imaging is
the development of larger field gradients. This is
primarily a power supply and heat removal problem.
For the in vivo work the development of pulsed
EPR at L-band, now underway at the Illinois EPR
Center, is needed, as are resonators appropriate for
large samples. Large magnet gaps are needed both
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for the samples and for the gradient coils. As in
vivo imaging goes to lower frequencies, attention
will have to be paid to problems that will develop
when the field scan is less than the spectral width.
The computers for EPR imaging require very
large data storage and handling. The multidimensional EPR imaging experiments (x, y, z, spectral,
Ti, etc.) will require large data arrays and sophisticated presentations of the results.
Much of the exploratory imaging studies so far
have emphasized the hardware aspects, especially
the generation of large gradient fields. Immediate next steps must focus on image reconstruction,
with special attention to reconstructions from missing and noisy data. To obtain the best results from
spectral-spatial imaging improved "missing angle"
algorithms are needed. Some of the software developed for NMR imaging probably can carry over
into EPR imaging, if similarly sophisticated computers are available for the EPR experiments. The
image enhancement techniques developed in other
fields can help improve the EPR results. An operational definition of resolution appropriate to the
imaging problem is needed.

III.

Applications

The history of EPR imaging has shown that there
is indeed something to image, and a way to image
it. The applications of this new way of looking at
paramagnetic samples will be limited only by the
imagination of the researchers. For the near future
it remains important to explore lower and higher frequencies, CW and pulsed microwaves and gradients,
gradients in microwaves and gradients in magnetic
fields. With samples of particularly long electron
spin relaxation times, we can expect demonstration
of some of the same types of 2-D experiments that
have been successful in NMR imaging. It has already been demonstrated that EPR imaging can
provide insights in radiation chemistry, kinetics, diffusion, inhomogeneous samples, and microwave distributions. Samples have ranged from diamonds to
tumors to the air we breathe.
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