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Electron Paramagnetic Resonance Imaging
1. CW-EPR Imaging
Sankaran Subramanian and Murali C Krishna
EPR (Electron Paramagnetic Resonance) imaging is particularly useful in monitoring hypoxic zones in tumors which are
highly resistant to radiation and chemotherapeutic treatment. This first part of the article covers aspects of CW
(continuous wave) imaging with details of FT (pulsed Fourier
Transform)-EPR imaging covered in Part 2, to be published
in the next issue of Resonance.
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Electron Paramagnetic Resonance Imaging (EPRI, also referred
to as Electron Spin Resonance Imaging, ESRI) is the process of
mapping the spatial distribution of unpaired electrons and free
radicals (molecules with unpaired electrons, known as spin probes).
The phenomenon is entirely analogous to Nuclear Magnetic
Resonance Imaging (MRI). Unlike MRI which addresses the
naturally occurring abundant water protons in vivo, EPRI requires the administration of non-toxic paramagnetic free radicals
into the living system prior to monitoring their distribution. The
principle behind imaging is to generate profiles of EPR spectra in
presence of space-encoding linear field gradients oriented in all
directions and uniformly distributed over the surface of a sphere
centered on the object. We construct the image with filtered back
projection, well known in ultrasound and computerized tomography, (CT imaging). In the CW (continuous wave) mode, profiles
are created in presence of linear gradients at constant frequency
with magnetic field sweep, i.e., field strength varying with time.
Alternatively, one can employ RF (radiofrequency) or MW
(mircrowave) pulses analogous to MRI and monitor the response
of the spin system in a time-independent magnetic field in presence of gradients. The images are generated via a Fourier trans-
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Most tumors are
characterized by a
hypoxic (very
poorly oxygenated)
core making them
highly resistant to
radiation.

1

These are drugs which attack

the ability of tumours to generate new blood vessels to nourish themselves.

form. Very narrow line non-toxic spin probes have been developed recently based on the triarylmethyl (TAM) radicals and
these enable EPR imaging in small animals with good resolution.
One unique characteristic of EPR is that the line width of most
paramagnetic spin probes depends on the concentration of dissolved oxygen, (O2 is a triplet ground state molecule with 2
unpaired electrons and hence paramagnetic). As such this creates
oxygen-dependent contrast in EPR images that can be used, after
proper calibration with known oxygen concentration, to quantitatively measure oxygen partial pressure (pO2). Majority of tumors
exhibit a hypoxic (pO2< 5 mm of Hg) core that is nearly 4 times
more resistant to radiation compared to normal tissue. EPR
imaging, therefore, can non-invasively provide quantitative oxygen profile of tumours to the oncologist who can monitor the
same and employ fractionated radiation dose (reduced doses of
radiation at predetermined intervals rather than a large single
dose) or hyperbaric oxygen treatment (increasing the proportion
of oxygen in the breathing air to improve the effectiveness of
radiotherapy). EPR imaging will also help in probing the role of
anti-angiogenic drugs1 in tumour treatment. Complemented by
MRI co-registration and MR spectroscopic imaging, EPRI can
throw light on the unique physiology of oxygen-starved tumours
and aid in the development of tumour drugs and monitoring the
outcome of cancer treatment.
EPR Spectroscopy and Imaging

2

See Resonance, November

2015 issue.
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The Russian scientist Zavoisky [1] discovered the phenomenon
of electron paramagnetic resonance in 1944, a couple years ahead
of the discovery of nuclear magnetic resonance2 by the American
scientists Bloch and Purcell [2, 3]. These two techniques are
based, respectively, on the magnetic moment of unpaired electrons (S = ½) and nuclei with finite spin angular momentum (I z
0), the hydrogen nucleus (I = ½) being the most studied nucleus.
Open shell systems that contain one or more unpaired (free)
electrons are paramagnetic and are EPR active. Organic and
inorganic free radicals and transition metal compounds are ex-
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amples. An ensemble of unpaired electrons gets polarized in a
magnetic field (Zeeman field) generating two energy levels corresponding to quantized components of angular momenta ± ½ (in
units of h/2S) with the lower level being more populated due to
Boltzmann statistics. The net population difference is responsible for the paramagnetic susceptibility and the resulting net
magnetization precesses about the magnetic field at a characteristic frequency known as Larmor frequency. Transition between
the two energy levels is possible using electromagnetic radiation
at the appropriate combination of radio or microwave frequency
and magnetic field governed by the equation

'E = hQ = gEBo ,

MRI deals with the
in vivo distribution
of endogenous
protons in water
and tissue,
whereas for EPRI
we have to
introduce biocompatible free
radicals before
imaging.

(1)

where g is the gyromagnetic ratio, E is the Bohr magneton and Bo
is the externally applied magnetic field, causing resonance absorption (Figure 1). The resulting EPR spectrum is usually
Lorentzian in line shape and has a characteristic line width. The
resonance frequency, as mentioned above, is proportional to the
applied field. Below 40 mT (1 Tesla = 10,000 Gauss) magnetic
field, EPR resonance occurs in the radiofrequency (RF) region,
while above this, microwave (MW) radiations are required. It
should be emphasized that, unlike MRI where one maps the

Figure 1. Zeeman splitting,
Larmor precession, transverse and longitudinal magnetizations. Under equilibrium
condition, the spin vectors
precess over the surface of a
cone. Their components in
the transverse (XY) plane
vectorially add to zero and
coherently add to a nonzero
Z-component.
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In NMR and EPR,
non-equilibrium
magnetization due to
resonance absorption
returns to steady state
via spin–lattice and
spin–spin relaxation
processes.

distribution of water protons present in large abundance, in vivo
EPR imaging is contingent upon introducing (through intravenous or intraperitoneal injection) relatively bio-stable non-toxic
water-soluble free radicals. This is due to the fact that the concentration of endogenous free radicals in vivo is quite low, being of
the order of micromoles or less and often these are short-lived.
Organic nitroxides and several narrow-line stable radicals based
on triarylmethyl (TAM), and solid probes based on lithium
phthalocyanine (Figure 2) are some of the common spin probes
used in EPR imaging.
There are two important time constants that characterize EPR
spin systems and are important in the understanding of the
dynamics of paramagnetic molecules. Figure 1 depicts that at
thermal equilibrium, there is only a net magnetization along the
axis of the static field (MZ or M0) and that the transverse component is zero due to the random distribution of the components of
magnetization in the XY-plane. During the resonance process,
MZ is torqued away from the Z-axis creating a component of
coherent magnetization in the transverse plane, provided the
exciting radiation has the same frequency as Larmor precession.
During pulsed excitation when an RF source is gated for a short
duration at the resonance frequency, depending on the RF power
and duration we can tilt the Z-component by 90o so that all the
magnetization is in the XY-plane at the end of the pulse. This
excitation pulse is known as a 90o pulse.
When one tries to measure the induction current in the transverse
plane, it will be a maximum at the end of the pulse, gradually
decreasing due to progressive dephasing of the spin isochromats
(locus of the spin angular momentum vectors) which will ultimately go to zero when thermal equilibrium is reached. This
decay of transverse magnetization follows a first order kinetics
and is a single exponential, known as Free Induction Decay
(FID), characterized by a time constant known as spin–spin
relaxation time, T2. In other words, transverse magnetization,
once created, decays as
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Figure 2. Some of the EPR spin probes used in CW and time-domain EPR imaging. The three nitroxides
shown in the top left corner are used in CW imaging for investigating in vivo tissue redox status. The TAM
radicals are ultra-narrow line carbon-centered radical with extremely narrow resonances useful for both CW
and FT-EPR imaging. They are non-toxic and can be injected intravenously or intraperitoneally for EPR
imaging. The phthallocyanine derivatives are particulate spin probes highly sensitive to oxygen partial
pressure and can be used for in vivo EPR imaging/oximetry studies after transcutaneous or surgical
implantation

M XY (t )

M XY ( 0)e

 t / T1

.

(2)

The transverse relaxation time can also be evaluated from the full
width at half maximum height (FWHM) of the resonance absorption profile (which is Lorentzian in line shape), i.e.,
line width (FWHM) = (ST2)–1 .

(3)

Many free radicals show a linear dependence in transverse relaxation rate (and hence the line width, FWHM) on the oxygen
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concentration, and this can be used as a means of quantitatively
estimating oxygen in solutions of free radicals. One of the main
applications of EPR is in vivo oximetry, where one tries to
measure the spatially resolved line width of spin probes in vivo.
Spin–spin relaxation is an energy-conserving process where the
magnetization gets exchanged among the spins, and is dependent
on concentration of the spins, the molecular dynamics and the
presence of other paramagnetic molecules interacting with them.
There is one other relaxation time known as the spin–lattice
relaxation, T1 which governs the way in which energy absorbed
by the system due to resonance can be dissipated into the surroundings so that the Boltzmann distribution is re-established.
This is an energy non-conserving process and usually affected by
the temperature of the system, molecular dynamics, presence of
other paramagnetic impurities, etc. Since T1 deals with Zeeman
population, it governs only the Z-component of magnetization.
This is also a first order process and has a characteristic time
constant T1. It describes the rate at which non-equilibrium magnetization along the Z-axis, MZ will reach thermal equilibrium M0
and is given by

M Z (t )

M 0 1  e  t / T1 .

(4)

Since transverse relaxation time, T2 deals with the magnetization
exclusively in the XY-plane and longitudinal relaxation time T1
(spin–lattice relaxation) governs magnetization along Z-axis,
simple methods are known in pulsed magnetic resonance to
directly measure them in time domain [5]. In CW-EPR, power
saturation (measuring the EPR spectral intensity as a function of
RF or MW power) is used to estimate T1 and the width of the
unsaturated spectral line (measured at very low power) is employed to estimate T2. [4].
CW Versus FT-EPR Spectroscopy
In the introduction, EPR spectroscopy can be done in two basic
modes, namely at constant frequency with a slow variation,
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known as sweep of magnetic field (CW) or in the time-domain,
with a short pulse of radiation (which corresponds to a broadband frequency excitation) at a constant magnetic field. In the
time-domain, the response to a radiofrequency pulse is acquired
as a transient signal known as free induction decay (FID) which
generates a frequency spectrum upon Fourier transformation;
hence the name FT-EPR for time-domain EPR. In CW-EPR,
radiation from an RF or MW source is allowed to traverse through
or allowed to reflect from a resonator containing the paramagnetic substance placed in a magnetic field. When the magnetic
field is swept across the resonance, absorption takes place which
is proportional to the concentration of unpaired spins. In CWEPR, one modulates the Zeeman field with a low frequency (1–
100 kHz) AC field and the oscillatory signals generated during
resonance are detected using a lock-in amplifier and phasesensitive detector. This ensures baseline stability and generates
the signals in the first derivative (dI/dB0) mode that is familiar in
EPR. In the pulsed mode, the transmitter provides a pulse by
gating an RF or MW source. This leads to side bands and
generates a [sin(x)/x] profile of frequencies with the central band
covering a frequency range of ±1/2 pulse-width. If the Larmor
frequency falls within the bandwidth of the pulse, then the
impulse response of the system consists of a decaying signal (free
induction decay) the FID. This signal upon digital Fourier transform will generate an absorption spectrum identical to the CW
spectrum obtained by a field sweep noted above, except that the
detection mode in CW generates the first derivative of absorption, as mentioned earlier. CW and FT-EPR modes of EPR are
schematically shown in Figure 3.
Low frequency

CW-EPR Imaging [5.6]
Just as in MRI, EPR imaging is also based on the principle that the
resonance frequency depends on the Zeeman field, and by superimposing a linear field gradient along different directions, it is
possible to spread the frequency in proportion to the spatial
distribution of spin projected along the selected gradient direction. This is exactly analogous to X-ray CT where the transmis-
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Figure 3. Simplified schematics of a CW- and FT-EPR
spectrometer. The top scheme in blue outlines correspond to CW-EPR, while the
bottom scheme with red outlines is for FT-EPR. The
resonator characteristics will
be different in the two cases,
and so are the nature of spin
probes that can be employed
(see text). No field modulation is needed for FT-EPR. A
3-axis gradient system would
be an additional component
for imaging.

sion of the X-ray is differentially attenuated by tissue and bones,
and a two-dimensional shadow reveals the density contrast. This
is known as Radon transform, which is the integral of the density
distribution over straight lines parallel to the X-ray beam. If the
direction of the gradient axis is rotated in a plane in small steps
through 180°, then one gets a series of projections which upon
back projection (inverse Radon transform) can generate a twodimensional image. The projections are subjected to a suitable
‘filtering’ to avoid artifacts and to generate a clean 2D image. If
the gradients are rotated in all directions centro-symmetric about
the object, it would be possible to generate a 3D image of the
object by a two-step back-projection. It is also possible to reconstruct the image from arbitrary non-uniform projections using
iterative algebraic back- projection schemes.
Conventionally, EPR spectroscopy is carried out at microwave
frequencies (9–35 GHz). However, this is not suitable for imaging lossy living systems as the penetration of microwaves at these
frequencies is just a few mm. L-band frequencies (1–2 GHz) are
reasonable for small-animal (e.g., mouse) imaging, but for larger
subjects, one needs to use RF frequencies well below 500 MHz as
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in MRI. At the National Cancer Institute, NIH, Bethesda, we have
been developing instrumentation for in vivo CW and FT-EPR
imaging at 300 MHz. The best compromise frequency for in vivo
EPR imaging taking into account the very poor penetration of
MW frequencies in lossy biological tissue and the high sensitivity
of EPR at high frequencies, is between 200 and 500 MHz, and
hence the choice of 300 MHz for small animal imaging
(Figure 4). The challenges in designing an RF time-domain EPR
imager will be taken up in Part 2, while in this article we shall
focus on low-frequency CW-EPR imaging.
In CW-EPR imaging, where one sweeps the magnetic field in
presence of gradients, we can deal with relatively broad-line spin
probes such as nitroxides as there is no real limitation on the size
of field sweep and one can use large gradients to generate
projections with adequate resolution. However, scan speed cannot be arbitrarily fast since it is controlled by the inductance of the
field coils. This limits the number of projections one can obtain
in a given time, leading to artifacts in the images. It becomes more
time consuming when one has to evaluate spatially resolved EPR
line-widths to generate oxygen maps as described below.
One of the unique features of EPR imaging is that it can allow the
quantitative estimation of the 3D distribution of oxygen, because
of the effect of oxygen on the spectral characteristics of the spin

Figure 4. Sensitivity of detection of electron paramagnetic resonance (EPR), and
the penetration of electromagnetic radiation in lossy
biological tissue as a function
of frequency. 250–300 MHz
is the optimum frequency for
EPR imaging in vivo.
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probe. In order to utilize this property in an imaging sense, we
need to evaluate the spatially resolved spectral property of the
paramagnetic probe. Let us look at the concept of CW spectral–
spatial imaging in the following. In a 2D spectral–spatial imaging
experiment, for example, we have two spatial dimensions and a
third spectral dimension to consider, and in a 3D spectral–spatial
imaging experiment, we have three spatial dimensions and a
fourth spectral dimension. The spectral characteristics are the
terms line shape and line width at a specific location.
A two-dimensional spectral–spatial image, therefore, will have a
pseudo object which when viewed along two of the spatial axes
will contain only spatial information (spatial distribution of paramagnetic spin probe) and the third orthogonal spectral axis will
contain only spectral information. To understand the way in which
spectral and spatial dimensions can be separated, let us consider three
point objects located on the x-axis along different x-coordinates
(Figure 5). Let these three objects represent three different
concentrations of the same spin probe and let each one have a
different line width (for example, oxygen sensitive spin probe
with different pO2). Measured individually, each object will give
an EPR spectrum with amplitude and line width characteristic of
spin count and pO2. When measured together in the absence of
any space-encoding gradient, the spectra will superimpose on
each other and form a single composite line. For clarity, the three
spectra are shown individually with three different colors. In the
absence of gradients we do not get any spatial distinction, and
what we will see is an unresolved sum-spectrum from all the three
objects. Now let us apply a small gradient along x-axis (Figure 5B).
We see now distinctly three resonances labeled 1, 2 & 3 corresponding to three locations and we also see that these have different
widths which are individual spectral lines convolved with the
spatial extension along the x-axis. As we gradually increase the
magnitude of the x-gradient (Figure 5C to F), the separation
between the spectra will proportionally increase, requiring larger
and larger sweep range and so will the apparent broadening of
each line, with a zoom-in effect.
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Figure 5. Simplified schematics illustrating the concept behind spectral–spatial imaging. The illustration
pertains to two-dimensional (1D spectral/1D spatial) spectral–spatial imaging. Three ‘point’ objects 1, 2,
and 3 aligned along the X-axis, called the spatial axis are progressively subjected to gradually incremented
gradient (G) along the X-axis from 0 Gauss/cm to near infinite gradient (hypothetical), and the corresponding absorption spectra are shown in A–F on the left. With no gradient, in Figure 5A we have only pure
spectral information and the three spectral lines will appear overlapped. (For clarity the individual spectra
are shown in different colors.) As we increase the gradient, the spectra get resolved because of spatial
encoding, and now contain both spectral and spatial information. In order to preserve the dimensions for
back-projection, the spectra are scaled so as to have the same width. When the gradient is very high, the
actual spectral region covered will be large, and subsampling to constant view gives predominantly spatial
information, and at infinite gradient, we just get spatial information with no spectral information. In between
(B–F ) we have a view of the spectral–spatial object at pseudo-viewing angles as defined in the text. A
filtered back-projection of the profiles shown on the left shows that the projection of the image on a plane
parallel to the spatial axis gives the spatial information (cf. Figure 5F) and projection of the image parallel
to the spectral axis gives superimposed spectra (cf. Figure 5A). However, the resolved individual spectra
can be seen at the corresponding spatial locations. The gradual incrementation of the gradients generates
the spectral–spatial projections, and for 3D and 4D spectral–spatial imaging, one has to perform the 2D
and 3D spatial imaging, respectively, with additionally incrementing the gradient magnitudes for every
projection.
Reprinted from S Subramanian et al., NMR Biomed., Vol.17, pp.263–294, 2004 with permission from WileyInterscience.
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But our aim is to get a pseudo object using back projection, with
one axis representing spatial dimension and the other axis representing spectral dimension. Therefore, we cannot allow the dimension of the spectral axis (the pseudo-dimension axis) to
change. In other words, we shall sub-sample the projections at
each gradient magnitude to the same number of points so that the
actual projection length remains unaltered; i.e., the spectra are
rescaled to occupy the same physical length. This will artificially
reduce the apparent line width of the spectrum progressively with
the broader resonance narrowing faster than the narrower resonances. In the limit of infinite gradient along x-axis (this is not
practical, but we can use up to the maximum gradient allowed by
the instrument taking care of the capabilities of the gradient coils
and gradient amplifier without damaging the system), the rescaling
should provide three delta function lines (line width '+| 0) with
no spectral information, but only spatial information. We can
understand the spectral–spatial projections if we define a pseudoviewing angle Ddefined by
tan(D )

By employing a range
of frequencyencoding gradients
and proportionately
re-scaling the spectra
to identical physical
extent, we generate a
pseudo-view in the
composite spectra–
spatial dimensions.
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spatial window
u gradient magnitude .
spectral window

(5)

This is indicated in Figure 5G. A viewing angle of 90o is practically impossible because the gradient strength has to reach infinity. It is also clear from the above equation that the variation of
the viewing angle is not a linear function of the gradient, but
rather of tan(D). Taking the pseudo-viewing angles as the projection angle and performing filtered back-projection will generate a
2D image with one axis as the spatial axis (D = 0o) and the other
orthogonal axis (= 90o) as the spectral axis (Figure 5H). This
results in the spatial separation of the three spectra, which can be
individually evaluated for spectral characteristics that are a function of the spin concentration and pO2. In the practical implication of spectral– spatial imaging, a 2D spatial–1D spectral image
will take as much time as a 3D spatial-only image, and a 3D
spatial–1D spectral image will take even longer time for measurement, since the spatial measurements are carried out at a number
of systematically incremented gradients from a low value up to a
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maximum that is permitted by the gradient system. Since the
gradient values corresponding to the pseudo-viewing angle approaching 90° are impractical, there will be some ‘missing angles’
in spectral–spatial projections. One can simply perform back
projection without these projections. Missing angles can also be
taken care of by suitable interpolation methods.
For performing CW-EPR oximetry, therefore, we need to measure the spectrum at a large number of gradients making the
method rather slow. This is not to undermine the importance of
CW techniques which are indispensable for research in oxidative
stress3 with redox sensitive nitroxides and retrospective dosimetry4 involving radiation-induced tooth radicals. These radicals
generate time domain responses that are too short (a few tens of
ns) to be detected easily.
Recently, novel methods have been developed in CW-EPR for
fast imaging and no doubt they will be important in many clinical
applications of EPR imaging in the near future [7,8]. One such
ultrafast CW imaging strategy was developed by us [9] in which
a sinusoidal magnetic field and rotating gradients are

3

Oxidative stress is an essentially an imbalance between the production of free radicals (as in the case of a stroke

or due to cardiac ischemia) and the ability of the body to counteract or detoxify their harmful effects through
neutralization by antioxidants. Physical and mental stress, environmental pollution and unhealthy lifestyle can cause
oxidative stress.

Consumption of green vegetables, green tea, Vitamin E, polyphenols, beta-carotene and other

vitamins are potential antioxidants. EPR can directly identify and measure free radicals and hence is an important
quantitative tool in studying oxidative stress and antioxidants. Many organic compounds such as nitroxides are redox
sensitive. This is due to the fact that they are paramagnetic in their native state, and get oxidized to EPR-silent
oxoammonium cations or reduced to EPR-silent hydoxylamines. They can be used to study the effectiveness of
antioxidants.
4

Retrospective dosimetry:

Exposure to very high energy radiations that occurs in the vicinity of a nuclear explosion

(Hiroshima and Nagasaki Japan during W W II) or due to nuclear power plant mishaps (Chernobyl, Ukraine, 1986 and
Fukishima Daiichi, Japan, 2011).

This leads to death, and severe radiation poisoning and far-reaching genetic

defects. The treatment depends on the radiation dose. High-energy radiation exposure also leads to the production
of carbon-based free radicals in the tooth enamel that remain stable for months. One can use in vivo low frequency
EPR of intact tooth to measure the radical concentration and estimate the radiation dose post facto, a procedure
referred to as retrospective dosimetry. This is very important when one has to monitor thousands of subjects in a very
short time.
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Figure 6. Simplified schematic of stepped-field and
rotating gradient 2D CW-EPR
imaging. The field is stepped
through eight points (top; normally it would be 64 or 128
points) and for each field point
the gradients rotated in a
plane by one full cycle. In this
simplified example, the n
points collected per gradient
cycle are subsampled to eight
points to produce the BT matrix (see Figure 9) columnwise. By carefully adjusting
the field scan rate, the gradient rotating frequency and the
sampling speed, one can
optimize the image resolution.

Field sweep in 8 steps
1

2

3

4

5

6

7

8

………………………
1 2 3 4 5 6 7 8 9 10 11 12 13 . . . . . . . . . . . . . . . . . . .n
Gradient rotates through one full cycle (2S) during each field step
and n samples are taken.

simultaneously applied followed by unraveling the data to generate projections for constructing the image. Here, image data can
be obtained as much as 100 times faster than conventional slowsweep/constant-gradient approach. Three such recent faster CW
imaging techniques are illustrated in Figures 6–11 and the figure
captions contain additional details.

Figure 7. Time traces of trityl-CD3 rapid-scan
signal at about 250 MHz. These five traces are
displayed as a function of time. The time interval for
each scan rate is shown at the right of the trace. The
number of scans was selected to give a total signal
acquisition time of 84 s. The y-axis scales are
arbitrary. Simulated spectra calculated using numerical integration of the Bloch equations are shown
as dashed lines, overlaid on the experimental data.
The ringing caused by rapid-scan correlation effect
can be seen when the scan time is of the order of
transverse relaxation time. The x-axis scale is not
common. (The x-axis length of each scan is indicated on the right.)
Reprinted from J W Stoner, et al., J. Magn.Reson.,
Vol.170, pp.127–135, 2004, with permission from
Elsevier.
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Figure 8. Elements of the BT matrix that represents the projections obtained at a constant gradient as a
function of the orientation of the gradient vector. Elements are collected row-wise in conventional EPR
imaging and column-wise in rotating-gradient stepped-field data collection. The horizontal arrows represent the conventional way of collection projections at constant gradient vector at a given orientation, and
then changing the orientation sequentially. The vertical arrows represent the stepped-gradient-rotatinggradient approach of Ohno et al. and Deng et al. The slanted arrows represent the present method that
corresponds to the simultaneous application of the field sweep field and rotating gradients.

Figure 9. The BT projection
matrix. The conventional projection data collection in presence of constant orientation of
gradients is represented by the
rows of the matrix. The steppedfield, rotating gradient method
of Ohno et al. and Deng et al is
represented by the columns.
The simultaneous rapid scan in
the presence of rotating gradients modality is represented
along the diagonal (or anti-diagonal) of the matrix. The arrows indicate the way in which
the data is collected for simultaneous sweep and gradient
rotations.
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Figure 10. Direct detected absorption EPR signals of a phantom sample in the absence of gradients. The
top sinusoid represents the rapid-scan sweep (1.2 kHz), and the two high frequency sinusoids (blue and
red, 4.8 kHz) represent the X and Z gradients, which together provide the rotating gradient in the XZ-plane.
The left side of the dotted rectangles represents the start of the trigger. Sixty-four samples at 600 kS/s were
collected for each gradient phase setting, giving rise to one downfield scan and one upfield scan.
Acquisition time per projection is 208 ms. The phase of the rotating gradient is shifted by T after collecting
each projection.

Figure 11. Conventional sonogram from a two-tube phantom (on the left) and the corresponding filtered
back-projected image (left column I). Skewed pseudo sonogram and the corresponding pseudo image
obtained from the raw data when projections were collected with simultaneous sweep and rotating
gradients (middle column II). Reshuffling the matrix leads to the correct sonogram and the expected image
(last column III).
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Examples of Applications of CW-EPR Imaging

Many nitroxides,
which are

CW-EPR imaging has been very effectively employed with stable
nitroxides for the study of tissue redox status. Using India ink
(which contains free electrons that show an oxygen-dependent
EPR line width), fusinite (coal-based free radical) and LiPc
derivatives, CW-EPRI has been employed to perform tissue
oximetry, especially in implanted organs such as liver, to map
hypoxia in tumors and in the feet to monitor peripheral vascular
deficiencies in patients suffering from diabetes mellitus. A couple
of representative examples are presented below.

paramagnetic and
EPR sensitive, are
oxidized to
oxammonium or
reduced to
hydroxylamine in vivo
both of which are
EPR silent. As such
they are redox status
reporters.

Tissue Redox Status: Therapeutic regimens such as radiation
therapy and chemotherapy depend on the difference between
physiological status of normal and tumor tissues. The two important factors that differ between normal and cancer tissue are the
‘redox status’ and the level of tissue oxygenation. Tumor environment is highly reducing and most tumors have a core that is
highly hypoxic (oxygen-depleted), often with near-zero pO2. For
example, as mentioned before, LiPc or TAM radicals can provide
quantitative information on tissue O2, and nitroxides which are
paramagnetic and EPR active can undergo reduction to diamagnetic hydroxylamines (EPR silent) via one electron reduction in
vivo and can provide information on the redox status of tissue.
This concept has been used to monitor spatially resolved redox
status of RIF-1 (radiation induced fibrosarcoma) tumor-bearing
mice and to demonstrate the role of intracellular GSH (L-glutamylL-cysteinyl-glycine) on the tissue redox status. L-band (1.2 GHz)
EPR imaging was used for the study, employing 3-carbomyl
proxyl (or 3-carbamoyl-2,2,5,5-tetramethylpyrrolidine-N-oxyl)
also known as 3-CP,5 a redox sensitive, EPR active, nitroxide spin
probe. In this in vivo experiment, BSO (L-buthionine-S, R
sulfoximine), an inhibitor of GSH synthesis, was used to deplete
tissue GSH levels [9]. The results are summarized in Figure 12.
The reduction of nitroxide to diamagnetic hydroxylamine is
much more rapid in the tumor-bearing leg than in the contralateral normal leg, showing that the tumor zone is characterized
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3-CP, a 5-membered alicyclic

nitroxide, is a paramagnetic molecule and gives a triplet EPR
spectrum due to interaction between the unpaired electron and
the ring 15N nucleus. In the presence of reducing environment,
the nitroxide is reduced to diamagnetic hydroxylamine which
is EPR silent.
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Figure 12. Top: Spatially resolved clearance of nitroxide in RIF-1 tumor tissue. A few selected images and
the corresponding approximate time after infusion of 3-CP in untreated and BSO (L-buthionine-S, R
sulfoximine) treated mouse tumor are shown. The images represent the mean nitroxide concentration in
a two-dimensional projection of the tissue volume (10 u10 mm2; depth, 5 mm) averaged over 1.5–2.0 min.
The image data were acquired using a magnetic field gradient of 150 mT m –1 at 16 orientations in the twodimensional plane. Each image within a series was normalized with respect to the maximum intensity in
that series. The nitroxide in the tumor of BSO-treated mouse persisted longer, compared with that in the
untreated mouse. Bottom: Redox mapping of tumor. Two-dimensional spatial mapping of pseudo-first
order rate constants (left panels) and frequency plot (right panels) histograms of the nitroxide reduction rate
constants in the RIF-1 tumors of untreated and BSO-treated mice were obtained from the time-course
image shown on the top.
Reprinted from P Kuppusamy, et al. Cancer Res., Vol.62, pp.307–312, 2002 with permission from American
Association for Cancer Research.
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by a highly reducing environment, compared to the normal tissue.
We also know that tumors are characterized by a hypoxic core
that is nearly four times more resistant to radiation and chemotherapeutic treatment. HPLC assessment of the level of GSH in
normal and tumor tissues also clearly shows that the latter has
nearly four times as much GSH level as that of the former. Ex vivo
estimates show that when normal tissues are treated with BSO,
the GSH level remains almost unaltered, while in tumor tissue it
is reduced by nearly 50%. In vivo stability of nitroxide depends
on the redox status of the tissue. Oxidation converts nitroxide to
the corresponding diamagnetic oxammonium compound and reduction to diamagnetic hydroxyl amine both of which are EPR
silent. The lower levels of nitroxide in tumor tissue compared to
normal tissue are due to the enhanced levels of GSH that provide
a reducing environment as well as the very low levels of oxygen
(hypoxia). Mice treated with BSO showed reduced levels of GSH
and took longer time to reduce the nitroxide (3-CP) and the rate of
reduction was also lower (Figure 12). CW-EPRI, employing
nontoxic redox-sensitive spin probes, will therefore, be an excellent tool to interrogate in vivo oxidative stress and the efficacy of
antioxidant supplements in animal models.
Gated Cardiac Imaging: Many heart conditions lead to life
threatening cardiac arrest due to impediment on the contractile
function of the heart muscles. Ischemia6 and ischemia–reperfusion7
are known to generate free radicals such as reactive oxygen
6

Cardiac ischemia is one such condition when the blood flow to heart muscles is suddenly reduced due to a block

in one of the coronary arteries which leads to a reduction in oxygen supply. Myocardial ischemia can cause hardening
of the heart muscles reducing the heart’s ability to pump blood efficiently through the arteries. If diagnosed early, one
can administer drugs that can increase the flow of blood to the heart muscles, or in the event of severe block a coronary
bypass surgery is done to restore the blood supply and improve the oxygen partial pressure.
7

Ischemia/Ischemia-reperfusion: Cardiac tissue (heart muscle) injuries occur as a result of the so-called initial

ischemic insult, which is triggered primarily by the magnitude and duration of an interruption in the blood supply (and
hence oxygen supply) due to a blocked artery, for example. This causes a decrease in ATP and pH, and the anaerobic
metabolism that follows causes a lot of metabolic changes including calcium overload leading to swelling, cell rupture
and death. Oxygen levels may be restored by reperfusion which leads to oxidative stress and production of reactive
oxygen species, ROX which are highly reactive free-radicals. As a consequence, pro-inflammatory neutrophils
infiltrate ischemic tissues to exacerbate ischemic injury.

RESONANCE ¨

July 2016

615

GENERAL ARTICLE

species, O2-•, ROO•, OH•, etc., which are inferred to be the cause
of post-ischemic cardiac injury. Most of the inferences regarding
free- radical generation due to ischemia and ischemia–reperfusion
in the heart is based on research from animal models involving
free- radical scavengers. In this context, the generation of free
radicals in the heart can be directly observed using EPR imaging
especially if the short-lived radicals generated can be stabilized
using the technique of spin trapping. It is also possible to perform
imaging on isolated beating heart (excised rat heart for example).
Using L-band CW-EPR, pioneering work in the study of cardiac
ischemia, NO generation in the heart and spectral–spatial imaging involving stable nitroxides perfused through excised heart,
etc., has been carried out by Zweier and Kuppusamy [10].
When imaging objects which move, one gets the time and spatial
average that tends to blur the image quality and makes interpretation difficult. If the motion is periodic, as in a cardiac cycle, using
cardiac gating by which the fast field scans are initiated at
identical relative motional stage of the heart as monitored by
ECG, one can greatly reduce motional artifacts. By combining
projections obtained at identical intervals in the cardiac cycle it
was possible to separate the different contractile stages of the
heart. Without going into full details, Figure 13 shows gated
cardiac images of isolated rat heart perfused with 1 mM PDT
(perdeuterated TEMPONE, 2,2,6,6 tetramethyl- piperidine-d16N oxyl), over eight stages distributed over the cardiac cycle paced
at a frequency of 6 Hz.
Highly reactive free
radicals generated
during ischemia
and ischemiareperfusion are
unstable and shortlived. Spin
trapping can be
used to stabilize
and study them.
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There are a few more interesting, useful and unique applications
of CW-EPR imaging in life sciences. For instance, nitric oxide,
NO, within the vasculature, induces vasodilation, inhibits platelet
aggregation, prevents neutrophil/platelet adhesion to endothelial
cells, inhibits smooth muscle cell proliferation and migration,
regulates apoptosis and maintains endothelial cell barrier function, just to mention a few! NO is a free radical, but does not give
a spctrum due to orbital degeneracy. Although very short-lived, it
can be trapped in vivo using the diamagnetic iron(II) complex,
Fe(MGD)2 [bis(N-methyl-D-glucaminedithiocarbamate) iron(II)]
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Figure 13. Three-dimensional spatial EPR images of the beating heart. A mid-vertical slice (left) and a
transverse slice (right) through the LV cavity are shown for 8 out of the 16 three-dimensional images of the
perfused heart as a function of cardiac cycle. The pacing frequency was 6 Hz. The data acquisition
parameters: number of gates, 16; number of field points, 64; projections, 144; gradient, 20 G /cm; time
constant, 1.2 ms; acquisition time, 64 min.
Reprinted from P Kuppusamy et al, Magn. Reson. Med., Vol.35, pp.323–328, 1996 with permission from John Wiley
and Sons.

with a square planar structure. This compound reacts by the
formation of a stable complex in which NO occupies a fifth
coordination position and oxidizes the iron to Fe(III) which takes
up a d5 ‘low-spin’ configuration with one unpaired electron. This
gives rise to an anisotropic spectrum in solid state, but in the
blood solution it gives an isotropic spectrum with a triplet for
14
NO and a doublet 15NO hyperfine lines8. It is possible to
perform imaging by applying suitable gradients and map the in
vivo distribution of NO by CW-EPR. By infusing isolated rat
hearts with the NO trapping agent Fe(MGD)2 and 15N labeled
nitrite and subjecting the same to global ischemia, three-dimensional imaging of the signal clearly shows the production of NO
throughout the myocardium. Images obtained clearly outline the
shape the epicardium, right ventricular myocardium and internal
endocardial surface of the LV and LV chamber.

RESONANCE ¨

July 2016

8

By using I-arginine with N-14

or N-15 enriched isotopes which
have different nuclear spins for
the nitrogen (1 and 0.5 respectively), the spin-trapped NO will
give a triplet (for 14NO) or doublet (for 15NO) hyperfine pattern in the EPR spectrum, which
can be spin-trapped and used
for quantifying NO production.
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There are several very important applications of CW- EPR imaging but only a brief mention has been made here due to restriction
on the article size. A large number of applications of in vivo CWEPR are discussed in the special issue of NMR in Biomedicine,
Vol.17, No.5, Edited by Bernard Gallez.
Conclusion and Future Developments
We have tried to present a glimpse of EPR imaging by the CW
modality. Radiofrequency FT-EPR imaging is quite a different
approach requiring sophisticated instrumentation and ultrafast
acquisition strategies and will be detailed in Part 2. Nitroxidebased EPR studies on tissue redox status, and in vivo spin-trap
studies for research in free radical intermediates are better carried
out using CW-EPRI as the paramagnetic species involved have
broad lines and are not amenable for study with pulsed-EPR due
to their ultra-short relaxation times. The future of CW-EPR
imaging lies in scaling up the fast-scan techniques for larger
subjects.
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