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Electron Paramagnetic Resonance Imaging
2. Radiofrequency FT-EPR Imaging
Sankaran Subramanian and Murali C Krishna
In this part we shall outline the challenges one faces while
developing time-domain radiofrequency (RF) EPR imaging
spectrometer for in vivo studies. Time-domain or FT-EPR is
quite a different animal compared to the CW modality. The
evolution of FT-EPR instrumentation at the National Cancer
Institute, NIH, USA and representative examples of application
in cancer research are outlined in this article.
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As mentioned in Part 1*, CW-EPR imaging involves spatial
encoding of unpaired spin distribution in animals/phantoms.
This is done at constant radio or microwave frequency, using
linear field gradients and a sweep of the magnetic field to cover
the spread in the frequency brought about by the gradients. The
sweep of the field cannot be arbitrarily fast, being dictated by the
inductance of the sweep coil. There are ways and means of
speeding up the CW imaging by special novel methods. However, the availability of narrow-line, biocompatible free radicals
based on the trityls allows us to go for time-domain imaging
approach in EPR just as in MRI [1]. The major difficulty is that
the spin dynamics in EPR are 3 to 4 orders of magnitude faster,
the line widths are 5 to 6 orders larger in magnitude, and the
bandwidth to be covered during spatial encoding (even when
small animal imaging is contemplated) could be three orders
larger in magnitude. This makes FT-EPR instrumentation a real
challenge, both in terms of electronic hardware and spatial
encoding approach. Technical details of EPR instrumentation,
including descriptions of the spectrometer signal amplification
and resonators are discussed in Boxes 1–3 (pp.734–738).
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1 When

a pulse is applied to a spin

FT-EPR Imaging and Oximetry

system in EPR (and NMR) the XY
components of magnetization start
precessing from an all-coherent
location in the transverse plane
and begin de-phasing and decay
according to the spin–spin or transverse relaxation. W ell before the
magnetization decays to zero (at a
delay W) if a 180° pulse is applied,
all magnetizations are flipped like
a pancake so that fast moving and
slow moving magnetization vectors are reversed in their role. This
causes a re-phasing of magnetization leading to peak, or an ‘echo’ in
the transverse signal at a time 2W.
This was originally demonstrated
by Erwin Hahn and hence a 90°-W 180° pulse sequence is called a
Hahn echo sequence.

2

Visual representation of an ob-

ject is by its spatial dimensions by

In our laboratory, we have developed time-domain EPR imaging at 300 MHz, the resonance field being 10.6 mT. One can
capture the FID (Free Induction Decay) after the pulse in
presence of gradients which are applied in two or three dimensions and images are generated from the projections obtained
by Fourier transform (FT) followed by Filtered Back Projection
(FID-FBP) as mentioned in Part 1. One can collect the FID as a
function of progressive delay from the pulse to generate a series
of images, weighted by the effective transverse relaxation time
T2* and generate a map of oxygen concentration (partial
pressure pO2) which can be used to noninvasively map out in
vivo oxygen distribution in tumors. A better method would be to
generate EPR images from projections that are obtained from
the echo acquired using the Hahn echo sequence1 (90o-W-180o).
The echo at 2W will recover the information lost in the deadtime. Projections obtained from echoes after FT will be truly
weighted as a function of W by the intrinsic transverse relaxation time T2 and can provide a means of quantitative oximetry
(Echo-FBP). Images of phantoms and mouse obtained by FBP and
T2*-based oximetry are shown in Figures 1–3.

way of its Cartesian coordinates.
Each point in the image space is

Single-Point or Constant-Time Imaging (SPI or CTI)

defined by intensity and/or color.
We can now perform a mathematical Fourier transform on an n-dimensional space to generate a
corresponding n-dimensional frequency space which we call kspace. Upon n-dimensional inverse, Fourier transform k-space
will generate the image of the object. In MRI approach, we ‘encode’
the spatial extent using linear gradients superimposed on the static
field generating the k-space directly. The letter k in acoustics,
optics and mechanical engineering stands for number of waves per
unit distance or ‘wavenumber’.
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Despite the fact that EPR oximetry can be carried out using the
T2*-based contrast, using the FID followed by FBP or T2-based
contrast using the 90°-W-180° echo sequence, the image resolution depends on T2* and hence is not satisfactory. A better
method that guarantees maximum resolution would be one that
does not depend on the line width and this is the so-called
Constant-Time or Single-Point Imaging (CTI or SPI) developed
earlier for solid state NMR imaging by Emid and Creyghton [2].
The method essentially involves generating ‘k-space2 information’ employing pure phase encoding static gradients and is
demonstrated to generate artifact-free images. This is because
the method does not monitor the time evolution of magnetization, but rather encodes the spatially-dependent phase accumu-
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Figure 1. Schematics of the FID-FBP
time-domain EPR imaging. It is possible to generate a series of images by
progressively delaying the start of the
acquisition of the signals. The images
generated from acquisitions numbered
1, 2, . . ., 8 will have intensities decaying as a function of T2* relaxation of
spins in each pixel. The slope of the
logarithms of intensities will give 1/T2*
from which the apparent line width and
the concentration of oxygen can be
derived.
Polar Raster (in Figures 1 and 2a): In ultrasound and X-ray imaging using FBP, projections are first generated
by applying the source beam radially along the circumference of a circle centered about the object in equal
intervals from 0° to 180° (azimuthal or XY plane) for 2D. For 3D imaging the source beam is allowed to rotate
in equal intervals about a circle from 0° to 180° in a plane which is tilted gradually from +Z to –Z axis in equal polar
angle steps. In MRI the linear gradients generate the projections and hence they are rastered in a single plane
(for 2D projections) or uniformly over the surface of the sphere in equal polar and azimuthal angle steps (for 3D
projections). This is called polar rastering. Images are generated by back-projection. In pulsed-EPR imaging
in the SPI mode we use a Cartesian raster where gradients are rastered systematically in a looped fashion about
two or all the three axes respectively for 2D and 3D imaging and the resulting k-space is Fourier transformed for
getting the image.

Figure 2. FID-FBP mode of time-domain EPR imaging. (a) Shows the procedure. (b) Shows the
images (surface rendered 3D) of an X-shaped phantom filled with 0.5 mM Oxo63 obtained using
5 mTm–1 frequency encoding gradient and 144 projections by orienting the gradient along the polar and
azimuthal angles in steps of 15°. Images reproduce the obj ect well.
(c) Shows images obtained from an
anesthetized C3H mouse positioned as
shown, after infusing (i.v.) 75 mM Oxo63.
We obtained 324 projections (18 polar
and 18 azimuthal angular steps, at 10°
intervals) with a gradient of 5 mTm–1. Six
minutes after infusion, the liver and the
kidneys accumulated the maximum spin
and dominated the image when ketamine/
xylazine anesthetic was used.
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Figure 3. Imparting T 2 *
weighting to FID-FBP mode
images by progressively delaying the starting time point
of acquisition (see Figure 1).
The more oxygenated regions
will suffer relatively rapid intensity attenuation due to
shorter T2*. (a) Liver is less
oxygenated than the kidneys
and hence survives the acquisition delay longer than the
kidneys. (b) Line width or oxygen map generated by calculating the pixel-wise slopes
vs. acquisition delay. Spin in
kidneys have larger line width
compared to that in the liver.

(a)

(b)

lation of the spin system. This unique, high resolution capability
of the SPI modality has already been recognized nearly 15 years
ago in 1D-EPR imaging [3]. No further extension of this idea
seems to have been made to evaluate the use of this technique in
EPR imaging, perhaps due to the limitation imposed by relatively
longer data acquisition time compared to the projection reconstruction approach. In practice, however, the short relaxation
times and the possibility of summing thousands of responses per
second in EPR allows fairly rapid generation of image data.
Although the basic principles of SPI are well-documented [2] for
the benefit of EPR researchers, a brief outline is presented below.
Figure 4 outlines the essence of SPI imaging with the figure
caption detailing the actual experiment. In essence, we have
accomplished encoding the spatial information in the so-called
reciprocal space S(k), where k = G/2 by the amplitude cycling
of the applied phase gradient G. This phase modulation when
detected in the transverse plane appears as amplitude modulation
and when viewed as a function, signal intensity S() is related to
the local density of unpaired spin, (r) along the gradient direction r. The ramping of the gradient magnitude generates a ‘pseudoecho’ as shown in Figure 4. A digital Fourier transformation of
this echo will generate a 1D spin profile along the X-axis, as
shown below.
S(¿ ) =

720

RRR

½(r)e i °G¢r¿ d r ,

(1)
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Figure 4 (a) Single-Point Imaging (SPI) or
Constant-Time Imaging (CTI) schematics.
Following the excitation of the system, the
entire FID is sampled under the presence
of gradients (X/Y/Z) which are looped in
increments of G such that each time point
in the FID is phase encoded depending on
the gradient step and the delay . By
incrementing the gradients from –Gmax to
+Gmax in steps of G, the phase modulation generates a pseudo-echo very similar
to the gradient echo sequence of MRI.
Each time point generates a k-space of
dimension based on the number of gradient steps and the increment. If the increment is same in all the gradient directions, a square (n  n for 2D phase-encoding) or a cubic (n  n  n for
3D phase-encoding) k-space is obtained with the FOV decided by  and G. As an example, a 1D gradient
ramping, the corresponding pseudo-echo and the 1D profile obtained by FT are shown in (b).

RRR

In the k-space formalism, (1) is written as:
S(k) =

RRR

½(r)e i °k¢r¿ dr .

(2)

Equation (2) shows that the signal intensity S(k) and the spin
density (r) have a Fourier relationship and therefore, direct
Fourier image reconstruction algorithm can be applied. For generating k-space data for 1, 2 or 3D imaging, phase-encoding steps
in as many dimensions can be applied by a nested looping of the
gradient steps along the three orthogonal Cartesian axes X, Y and
Z. An n-dimensional digital fast Fourier transformation will
generate the images. Since the entire image information is gathered from the phase modulation of a single (constant) time point,
we do not have any information on the time evolution of the FID
(which has the information on line width) and the images reconstructed from SPI are free from distortions. These distortions are
caused due to magnetic field inhomogeneity, the line width of the
spin-probe, susceptibility variations and g-anisotropy. The Point
Spread Function (PSF) and hence the resolution is unaffected by
T2* because the magnetization is measured as a function of
applied gradient at a constant time. The spatial resolution z along
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RRR

the Z-direction and the 1D FOV (Field of View) are related as:
¢z =

FOVz
N

= 2¼=(°e Gmax
¿) ,
z

(3)

where N is the number of samples of k-space measured in the Zdirection and e is the gyromagnetic ratio of the electron. The
resolution is independent of the line width of the spin-probe, even
for short T2* spin-probes. The FOV in a given direction is given
by
(4)
FOV = 2¼=°e ¿ ¢G .
The above equation shows that the product of the delay  and the
gradient step G will determine the FOV. Ideally, to cover the
entire FOV, the pulse width tp and power should be such that the
frequency band width  that represents the spatial extent must
be uniformly excited. In other words,
¢º(bandwidth) ¸

N
2¿

and

tp  2¿ =N .

(5)

If these criteria are not met, then the high frequency region
(edges) of the k-space will get attenuated leading to loss of
resolution. In practice however, 70% coverage of k-space produces images with acceptable resolution. For maximum SNR, the
delay point could be as close to the pulse as possible, immediately
following the dead time, but the image will be of poorer resolution due to large FOV. Images processed from progressively
delayed time points show a ‘zoom-in’ effect and one can choose
an optimum delay, since the entire FIDs are collected in presence
of phase-encoding gradients. Depending on the digitization rate,
hundreds of images can be reconstructed as a function of delay,
each one in itself well resolved and independent of line width. At
the same time, the time sequence of images are weighted by T2*
decay and can provide a seamless handle, just in a single experiment, to evaluate spatially resolved T2* and hence enable oxygen
mapping in living tissues.
Compared to frequency encoding methods, SPI requires N2 measurements to generate k-space matrix of the same size and may be
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time inefficient. But the superior high-resolution
images with minimal artifacts that one can obtain
from SPI makes it really worthwhile (Figure 5). The
remarkable resolution that we see in Figure 5 is the
unique characteristic of pure phase-encoding3 and
the power of the SPI mode of imaging. Nearly 80%
of the energy in the frequency domain matrix is
confined to 25% in the central region of the k-space
and as such the SPI method is amenable to all the various
techniques of compressed sensing that is becoming important in
MRI for increasing the speed of imaging and to monitor fast
dynamics. With the current configuration of our 300 MHz
spectrometer, for a 2D image with 22 u 22 phase-encoding steps,
an FOV of 30 mm (resolution 1.5 mm), summing 4000 FIDs per
gradient setting, and an interpulse interval (TR) of 10 Ps, the
imaging time is 19 sec. Results of oximetric imaging on trityl
phantoms with different oxygen content are summarized in Figure 6.
Several 3D SPI images can be constructed from a single measured
data as a function of delay from the pulse. We have automated the
processing of raw 3D SPI data in MATLAB® platform4 so that
one can using a Graphic User Interface (GUI) and select any delay
point and visualize the 3D images and slices of images along any
of the axes. It is also possible to look at a surface-rendered 3D
image that can be rotated and viewed at different angles. From a
given 3D SPI data, we can generate a series of 12 to 15 images as a
function of delay to investigate the decay of intensities in each voxel5.
3 We

Figure 5. The excellent resolution obtained for a ‘resolution’ phantom filled with 2 mM
Oxo63 aqueous solution using single-point EPR imaging
compared with that of an MRI
of the same obtained using
the gradient-echo sequence.
The resolution of the MRI
image is 0.13 mm and that of
the SPI image (61 u 61 gradient steps with 'G 0.0133
mTm–1 processed at a delay
of 1200 ns) is 0.37 mm. The
300 Pm gap is clearly seen in
both the images with practically uniform intensity up to
the extreme regions.

convert the spatial information into frequency information known as encoding, by two approaches. (i) Frequency

encoding by superposing a constant gradient by which the spatial location of spins are converted into frequency shift
in proportion and sign as a function of its positional offset from the center. (ii) During phase encoding, constant duration
linear gradients are applied making different spin locations acquire differing Larmor frequencies which lead to a
frequency modulation of amplitudes at the detector. By ramping the gradients keeping the duration constant, k-space
data is generated in the phase-encoding direction. Usually phase encoding is applied to encode one or two dimensions
and frequency encoding is done for the remaining dimensions. This is called mixed phase-frequency encoding. If all
spatial dimensions are encoded exclusively using phase encoding, then we call it pure phase encoding.
4

MATLAB – The MathW orks, Inc., Natick, Massachusetts, USA.

5

The smallest units in digital 2D and 3D images are pixels and voxels respectively; in a 2D image the unit area

(l u b) is a pixel, and the same in a 3D image (l x b x h) is called voxel.

RESONANCE ¨

August 2016

723

GENERAL ARTICLE

Figure 6 (a) The linearity of the T2*-based
line width as a function of dissolved oxygen
saturated respectively with 0%, 1%, 2.5%,
and 5% oxygen. Images were obtained from
an interleaved, 3-gradient, 21 u 21 u 21 steps
oximetric SPI. 3D image data and pO2 derived from slopes of decay of 12 images
ranging from 350 to 880 ns in 50 ns steps.
(b) The corresponding color-coded oxygen
images clearly distinguish small differences
in oxygen concentration.

Single-Point in vivo Oximetric Imaging of SCC TumorBearing Mice
6

C3H mice are used as a gen-

eral purpose strain in a wide
variety of research areas including cancer, immunology and inflammation, sensorineural, and
cardiovascular biology. It is one
of the most widely used mouse
strains in cancer and genetic
research.

Results of 300 MHz imaging and oximetry on the tumor-bearing
and normal legs of C3H mice6 are summarized in Figure 7. It can
be seen that the Squamous Cell Carcinoma (SCC) tumors are
characterized by large intake of the paramagnetic spin-probe and
the oxygen distribution is quite heterogeneous with large hypoxic
cores (pO2 < 10 mm of Hg). The surface-rendered images of the
normal and tumor legs shown speak for the quality of the SPI
images. In fact, it is possible to measure changes in the oxygenation levels of the tumor by measuring oximetric image data
while the mouse is alternatively allowed to breathe normal air and
oxygen-rich Carbogen® (95% O2 and 5% CO2) by changing the
source using a nose-cone. Figure 8 illustrates the change in
oxygenation of the tumor-bearing leg and normal leg when the
mouse is allowed to breathe air and Carbogen®. Alternatively it
is seen distinctly that the central hypoxic region of the tumor
shows increased pO2 within 20 min of changing the breathing gas
from air to Carbogen®. Increase in oxygenation can help improve
the effectiveness of radiation treatment of tumors as has been
demonstrated by the use of hyperbaric oxygen chambers in cancer
treatment.
We also perform co-registration of EPR images with MRI at 7T in
order to identify the anatomical disposition of the tumor unequivocally and to correlate the oximetric images with other
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Figure 7 (a) The cartoon of a C3H mouse with its
tumor-bearing and normal legs placed inside a 25 u 25
mm cylindrical resonator, separated by a Lucite partition†. (b) After the mouse was infused with 75 ml 100
mM Oxo63 (~3 mM probe concentration in the blood),
3D SPI images were obtained (maximum gradient of
12 mTm–1, 21  u 21  u 21 gradient steps and 2000
averages in about 7.5 min). Surface-rendered 3D image showing clearly the uniform outer distribution of
the spin, the location of the tumor and the bladder. (c)
A few transverse cut-away images. (d) Sagittal
slices**(1.1 mm thick) of oxygen distribution through
the normal and squamous cell carcinoma (SCC) tumor-bearing legs of a C3H mouse derived from T2*.
The hypoxic zones with near-zero pO2 on the tumor leg,
and the relatively uniformly oxygenated normal leg can
be clearly seen. The heterogeneity of spin and oxygen
distribution in the tumor leg is also visible.
†

Lucite is the trade name of the polymer polymethylmethacrylate which can be machined in a lathe to fabricate

holders for holding the tumor-bearing legs of experimental mice in the magnet of the EPR imager. We use a
cylindrical Lucite holder with a partition in the middle that will separate the tumor-bearing and normal leg and allow
easy interpretation of the images.

**

Two-dimensional slices cut off from a three-dimensional image are

labelled as axial (horizontal), coronal and sagittal slices when the slice
planes are parallel to the three mutually perpendicular Cartesian axes. Axial
slices are perpendicular to the long axis of the object. Sagittal slices go
parallel from one side to the opposite side (for example from the left ear
towards the right ear on a human head) and coronal slices go from front to
back.

Figure 8. Noninvasive monitoring of pO2 changes from
3D time-domain oximetric EPR images of SCC tumorbearing mouse. A 0.8 mm sagittal slice from 3D oxygen
image data passing through normal right leg, left leg
with SCC tumor and bladder is shown. Oximetric image
(A) when the mouse breathes Carbogen (95% O2 and
5% CO2) for 10 min after breathing normal air for 20 min.
Oximetry on the same slice (B) when reverted back to
normal air and breathing the same for 10 min. An
average increase of 10–12 mm of pO2 was seen upon
Carbogen breathing.
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functional physiological parameters from MRI such as blood
flow, Apparent Diffusion Coefficient (ADC), blood volume, etc.
It is also our quest to correlate the metabolic profile of the tumor
using hyperpolarized spectroscopic imaging to throw light on the
unique features of tumor physiology.
SPI-based oximetry, based on T2* (apparent line width) although
straightforward and easy to employ, is fraught with the problem
that T2* is not an intensive property of the spin system, making
pO2 calibration somewhat subjective. As long as the resonator
and the range of gradients used are the same, it gives reliable and
reproducible values for oxygen concentration. Therefore, to
make the oximetry more reliable and independent of resonator
size and gradient magnitude, we can use the Hahn 90o-W-180o
echo sequence, and generate the images from the FT of the echo
followed by FBP. A series of three to four images obtained as a
function of the sequentially incremented delay W will generate T2weighted images from which spatially resolved T2 and hence pO2
can be derived as seen in Figure 9.
Figure 9. Echo-FBP-based
EPR imaging and oximetry.
The 90°-W-180 sequence with
variable W is carried out in
presence of gradients rotated
in polar and azimuthal angular increments. Images are reconstructed using filtered
back-projection. A sequence
of three or four images from a
systematic increase of W is
used to generate pO2 maps as
in the T 2*-based FID-FBP
scheme. While spatial resolution is poorer than SPI, oxygen estimates come out with
better resolution and accuracy. The linearity of line width
with oxygen is shown on the
graph derived from the centers
of the images.
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Recently, it has been suggested that T2-based oximetry could be
compromised by the fact that the self-relaxation of Oxo63 due to
accumulation of concentration in specific organs will impart
additional broadening so that it will be difficult to separate the
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oxygen relaxivity7 from self-broadening8. Therefore, it has been
suggested that one can perform in vivo tumor oximetry using the
spin–lattice9 relaxation rather than the transverse relaxation without the complication due to the effect of self-broadening and one
can hope to perform absolute oximetry. For this, the pulse
sequence consists of the well-known inversion recovery 180o-W90o pulse pair that will impart a T1-weighting, followed by the
refocusing 180° pulse so that the sequence is 180o-W-90o-t-180° to
create transverse magnetization and echo. By keeping the separation t constant and varying W, images generated from the echo by
FT followed by filtered back projection are weighted by T1 and
from this, we can generate the oxygen maps based on calibration
using known oxygen standards.
We have also developed a novel approach [4] for EPR imaging
which retains the the advantage of the line width-independent
resolution of the SPI approach and the T2-weigthing endowed by
the spin-echo approach. Images at two time points which are at
exactly identical time gaps on either side of the echo will generate
two images having the same FOV. Their intensities will be
weighted by T2 which will leads to estimation of pO2. One can
therefore choose several pairs of iso-FOV images from a single
SPI measurement and generate T2-based oxygen maps in 3D. The
7

Many paramagnetic spin systems have characteristic relaxation times T1 (spin–lattice) and T2 (spin–spin)

measured in dilute solution in the absence of dissolved oxygen.

when

Dissolved oxygen, because the O2 molecule is

paramagnetic in its ground state, can shorten both these relaxation times by magnetic dipole as well as spin-exchange
interaction. The extent to which a unit partial pressure (1 mmHg ) of oxygen reduces the relaxation times (T1 and T2) is
referred to as oxygen relaxivity. T1 and T2 relaxivity of oxygen need not be the same on paramagnetic systems.
8

Just as dissolved oxygen can cause an increase in the relaxivity (T1 and T2), even in the absence of oxygen, in

concentrated solutions, paramagnetic molecules can interact with each other causing an increase in both the
relaxation rates. Usually this effect is felt more on T2 than T1. Since T2 is inversely proportional to the line width, we
say that larger spin concentration leads to self-broadening.
9

There is no such thing as a ‘spin–lattice’. This is a qualifying name for one of the relaxation processes, namely

longitudinal or T1 relaxation of non-equilibrium magnetization in a nuclear or electron paramagnetic system. During
this process, energy absorbed by the spin during a resonance is released to the surrounding medium known
generically as a ‘lattice’, irrespective of whether the system is in solid, liquid or gaseous state. The dynamics of the
‘lattice’ (vibration/rotation, etc.) generates discrete energy bands into which the non-equilibrium spin state can transfer
the energy via radiation-less processes.
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Figure 10. Schematics of the echo-based SPI. One
can use a 90°-W-180° or 90°-W-180°-2 W-180° to
generate one or two echoes under phase-encoding
gradients as in the SPI scheme. The echoes occur
at 2t and 4t as shown. Since all the points in the
entire decay profile are phase-encoded, one can
chose single points which reflect in time axis on
either side of the 180° pulses as well on either side
of the echo peaks. This is shown below in the
logarithmic plot to obtain iso-FOV images that are
weighted by T2. Thus, with two 180° pulses, one can
get five time points of iso-FOV images weighted by
T2. This unique combination of SPI and Hahn-echo leads to highly resolved images and T2-based
oximetry.
Reprinted from S Subramanian, et al, J.Magn.Reson., Vol.218, pp.105–114, 2012 with permission from Elsevier.

echo-based SPI scheme (Figure 10). Typical phantom images and
oxygen maps derived from decay slopes (Figure 11). We have
used echo-based SPI for routine mouse tumor oximetry.
Figure 11(a) A three-tube phantom
(three ampules, 6 mm id. and 25
mm length) filled with 2mM Oxo63 is
imaged at 12 mTm1 gradients in the
transverse plane. The tubes have
different pO2 concentrations. EchoSPI schematic showing three regions, I, II, and III from which sequence of images can be processed
so as to have identical FOVs and
intensities weighted by T2. (b) Images from region I are shown in the
top panel, region II in the middle
panel, and region III in the bottom
panel. The progressive zoom-in in
regions I and II and the progressive
zoom-out as well as inversion about
both axes in panel II are as expected. We can choose several triplets of images that are weighted by T2 and are of identical FOV to
evaluate spatially resolved T2, at a range of resolutions.
Reprinted from S Subramanian et al, J. Magn.Reson., Vol.218, pp.105–114, 2012 with permission from Elsevier.
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Co-registration of EPR Images with Anatomy by MRI
EPR images provide a 3D spatial distribution of externally introduced spin-probe and can additionally provide information in
vivo distribution of the oxygen. On the other hand, in vivo proton
MRI deals with the distribution of water, provides detailed 3D
anatomical images at high resolution and can also provide, via
volume selective spectroscopy, detailed information on the distribution and changes of several metabolic intermediates. Many of
the in vivo biochemistry (some aerobic and others anaerobic) may
also depend very much on in vivo pO2 and tissue redox status.
Likewise, X-ray CT, Positron Emission Tomography (PET) and
other fluorescence-based imaging techniques are capable of providing complementary diagnostic information. It is therefore
natural that multimodality imaging, which may provide correlated and enhanced in vivo information is being attempted by
many research groups.
Many functional imaging modalities such as BOLD (Blood Oxygen Level Dependent) MRI, functional imaging of the brain, MR
angiography, blood volume, and mapping ADC are fairly routine
in modern clinical MRI. Since the only difference between proton
and electron magnetic resonance is the ~660 fold increase in the
magnetic field strength in case of the latter, for a given frequency
of measurement, it is straightforward to perform EPRI and MRI in
the same resonator assembly by changing the field without moving the animal. The choice of 300 MHz for EPRI makes it
convenient for measurements in the standard small animal 7T
MR imager operating at the same frequency. The only additional
adjustment is to make these resonators switch between a low Q
(~15) for EPR and increase to a higher Q (~300) for MRI. We
have fabricated a gantry consisting of an EPR resonator holder
that slides into our 10.5 mT magnet, which can be transferred
immediately after EPR imaging to a larger holder and fastened
without disturbing the anaesthetized animal and placed in the 7T
MRI magnet for performing functional images (Figure 12). This
aids in using the MR image as a scouting image to precisely locate
oxygen distribution in definite relation to the vivid anatomical
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Figure 12. Schematic representation of EPRI–MRI coregistration experiment.
(a) The 300 MHz EPRI hardware.
(b) The resonator holder assembly that fits into the EPR
magnet during EPR imaging.
(c) The MRI gantry that
coaxially holds the EPR-resonator assembly and fits in the
7T MRI magnet for performing various functional MR imaging. Immediately following
EPRI, the mouse along with
EPR resonator is fixed on to
the MRI gantry without the
need of moving the mouse. A
switch in the resonator circuit
allows going from low Q (15
for EPRI) to high Q (200 for
MRI). (d) The 7T MR spectrometer.

details from the high resolution MR images. Besides, functional
MR images that provide blood flow, blood volume, ADCs, etc.,
when viewed along with EPR oxygen maps, in conjunction with
anatomical details aid in a more comprehensive understanding of
tumor physiology. Our pulsed-EPR imager can acquire 2D images in a matter of seconds and 3D images in minutes and
subsequent MR imaging allows co-registration and comparison
of physiological parameters.
As mentioned earlier, EPR imaging faithfully evaluates the 3D
distribution of tumor oxygenation and this has been validated by
comparing the results from OxyLite10 measurements. It is also
known that tumors have regions of chronic hypoxia 11and
regions of cycling hypoxia12. Dynamic changes in spin-probe

10

OxyLite is an oxygen sensor and quantifier that uses the quenching of phosphorescence when fiber optic oxygen-

sensitive luminescent needle made from platinum octaethylporphyrin is excited with UV light.

Measurements of

luminescence intensity and decay time are employed to determine oxygen concentration from luminescence
quenching. The quenching of luminiscence is a quantitative function of the oxygen partial pressure in vivo. Currently
the classic way to measure tumor pO2, both in animals and patients is with fine needle O2 electrodes. Eppendorf
electrodes sample a few hundred microenvironments as they track across a tumor, giving a histogram from which
mean and median pO2 values for the tumor can be calculated.
11

Regions of chronic hypoxia are those beyond the diffusion distance of oxygen.

12

Regions of cycling hypoxia are those where significant pO2 fluctuations occur.
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concentrations and the distribution of oxygen in SCC VII tumor
implanted in mouse leg can be measured continuously by 3D
EPRI. As illustrated in Figure 13, ten images were obtained in 30
minutes and one could lay side-by-side the spin-probe distribution images along with the oxygen images. It is clearly seen that
while the spin-probe concentration showed relatively steady distribution with minor changes, the concentration of oxygen fluctuated depending upon the region chosen. Here again, the fluctuation in re-oxygenation with Carbogen® depended on the particular region, but the median pO2 showed a distinct elevation upon
Carbogen® breathing. These results have confirmed, in a
noninvasive manner, the presence of diffusion-limited chronic
hypoxia and regions with large variations in pO2 (from hypoxia to
normoxic levels) [5].

Figure 13. Noninvasive imaging of fluctuating pO 2 in
SCC VII tumors using EPRI.
(a) T 2-weighted anatomical
image of a representative
SCC VII tumor-bearing
mouse. Large yellow line indicates tumor region. Four
ROIs indicated by small white
lines were chosen for tracing
fluctuations in a coronal slice
of pO2 map extracted from 3D
pO2 data set and spin intensity with time. (b) Corresponding pO2 maps (upper panels)
and the tracer level maps
(lower panels) were obtained
from EPRI. Tumor region was
shown by white line. Time
increased from left to right is
4 to 28 min. (c) The values of
pO2 and the tracer level in
each ROI region were quantified and plotted as a function of time.
Reprinted from H Yasui et al.,
Cancer Res., Vol.70, pp.6427–
6436, 2010.

Another example of multi-modality imaging using EPRI and MRI
is presented in Figure 14 comprising T2-weighted MRI images.
There are clear-cut and logical correlations between oxygen
images from EPRI (Figure 4d) and the functional MR images as
shown in the figure. Increased blood flow shows increased oxygenation, and the location of the major blood vessel is also the
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Figure 14. Fusion of oxygen
image derived from EPRI and
other functional images from
MRI. All images shown are
from a single tumor-bearing
mouse. (a) MRI T2-weighted
anatomical image showing
the selected ROI of the SCC
tumor. (b) and (e) MRI coronal and axial blood volume
image. Arrows indicate areas
of blood flow volume corresponding with low pO2 values
in panel (c). MRI angiogram
with an outline of the tumor
region derived from MRI T2weighted anatomical image.
Note that major tumor blood
vessel location corresponds
with higher pO2 levels (d), the
coronal image. (d) Coronal
and axial pO2 maps by EPRI.
(f) MRI apparent diffusion
coefficient (ADC) image
(axial). (g) MRI blood flow
image obtained using arterial
spin labeling technique. Note
the arrow showing the area
with low blood flow corresponding with low pO2 levels
in the axial image in (d).
Reprinted from S Matsumoto et
al, J. Clin. Inves t, Vol.118,
pp.1965–73, 2008 with permission from American Society for
Clinical Investigation.

place where one sees maximum pO2. The variation of ADC
values is correlated with the degree of oxygenation (cf. tumor
versus normal leg), with a significant fraction of the tumor
volume exhibiting lower ADC values. Blood flow map from MRI
correlates with the oxygen image indicating that areas of low
blood flow shows low pO2. EPRI-derived tumor oxygen levels
can also be related spatially to biochemical metabolites using
spectroscopic imaging. Many tumors have compromised glucose
metabolism and use aerobic glycolysis to generate ATP. In contrast to normal differentiated cells, which rely primarily on mitochondrial oxidative phosphorylation to generate the energy needed
for cellular processes, most cancer cells rely on aerobic glycolysis; a phenomenon known as the ‘Warburg effect’. This inefficient means of generating ATP results in an increase in lactate
concentration even in the presence of adequate oxygen [6]. While
the Warburg effect was elucidated in the 1930s, the link between
tumor lactate levels (later assessed by Magnetic Resonance Spectroscopy or MRS) with aerobic regions in tumors has not been
observed in a living tumor-bearing animal because of the lack of
noninvasive oxygen imaging techniques. EPRI now enables such
comparisons.
Figure 15a shows three different Region of Interests (ROIs) (2.5
x 2.5 x 2.5 mm3 cube) of an SCC tumor. These ROIs were selected
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based on their differences with respect to pO2 levels (Figure 15b)
and blood volumes (Figure 15c) (note the median pO2 values and
blood volumes of each ROI below the figures). Typical metabolite peaks such as lactate, creatine and total choline were distinctly visible in the MR spectra obtained from the selected ROIs
(Figure 15d). ROI 1 with higher pO2 in the tumor clearly exhibited
higher levels of lactate, suggesting the predominance of aerobic
glycolytic process in well oxygenated tumor regions. The averaged lactate peak area in the normoxic region (>10 mmHg) was
significantly higher than that in the hypoxic region (<10 mmHg)
as shown in Figure 15e. The difference in lactate content is due to
poor blood and nutrient supply, i.e., limited glucose supply in
hypoxic regions as corroborated by the blood volume differences
in these regions [7]. In summary, combined functional MRI,
MRSI and EPRI studies along with anatomical co-registration is
perhaps the best way to unravel the wealth of physiological
information of the tumor micro-environment, understand tumor
progression, devise ways and means of discovering appropriate
drugs and to monitor treatment response.

RESONANCE ¨

August 2016

Figure 15. Images of pO2 distribution and metabolite levels in tumors. (a) T2-weighted
anatomical MRI image of tumor-bearing mouse. Three
ROIs are shown within the
tumor volume for subsequent
pO2, blood volume and MRS
analysis. (b) EPRI pO2 map
of the same animal and pO2
values of the corresponding
ROIs are indicated below the
image. (c) Blood volume map
of the same animal and blood
volume values of the corresponding ROIs are indicated
below the image. (d) MR
spectra obtained from three
ROIs with differing pO2 and
blood volume levels. (e) Averaged lactate peak area of
MR spectra obtained from
hypoxic regions (10 mmHg
oxygen) and oxygenated
(10 mmHg oxygen) areas.
Reprinted from S Matsumoto et
al, J. Clin. Invest., Vol.118,
pp.1965–1973, 2008 with permission from American Society
for Clinical Investigation.
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Box 1.

Design of the 300 MHz Pulsed-EPR Spectrometer at NCI

As we have outlined in Figure 3 of Part 1, the essential components of a pulsed-EPR spectrometer are the same
as that of an NMR spectrometer. However, the ultra-short relaxation times of paramagnetic systems in the submicro to nanoseconds regime, necessitates the use of pulses of less than 100 ns duration with very sharp rise
and fall times. The sudden impulse of RF power that is applied to the resonator from the transmitter results in
a ringing of the resonator depending on the Q, and the receiver system is subjected to saturation (black-out) due
to the high transmitter power. Depending on the resonator and receiver preamplifier characteristics, this can be
of the order of hundreds of nanoseconds before the induction signals from the paramagnetic system can be
detected and amplified. Paramagnetic systems with line width greater than 0.1mT are difficult to detect by
pulsed-EPR at low frequencies. RF-EPR detection is thus fraught with two compounding difficulties, namely,
low sensitivity (due to low Q broadband resonators) coupled with a large dead-time. At MW frequencies,
however, the dead-time becomes shorter and sensitivity is much higher; a double advantage. At MW
frequencies, one uses a four-port circulator (a ferrite device that allows only a unidirectional passage of
microwaves) to isolate the transmitter and the receiver. Isolation between the transmitter and the receiver can
be accomplished by the use of a pair of crossed resonators. The electrical orthogonality is difficult to strictly
maintain, however, during in vivo measurements due to animal motion. At low frequencies, circulators are not
effective and just as in pulsed-NMR spectrometers, one has to use a diplexer to isolate the transmitter and the
receiver. The diplexer provides the isolation by a set of crossed diodes which make the receiver arm nonconducting during the transmit cycle and prevents any reflections returning back to the transmitter arm during
the receive cycle. This is the standard method adopted in pulsed NMR. In our system, we employ a standard

O/4 configuration diplexer. The diplexer has a standard pin-diode switch assembly in the transmit path and a
shunt pin-diode switch in the receive path. These diodes are maintained in a back-to-back configuration to
minimize the transients in the RF paths. This arrangement provides switching times of the order of 5 ns. The
receiver isolation during transmit mode is 25 dB with a transmit insertion loss of 2 dB. The insertion loss during
receive mode is 0.5 dB.

Conclusion and Future Developments
We have tried to present a glimpse of EPR imaging by CW and
pulsed methods. This is not exhaustive and we have not written
anything about the application of EPR spectroscopy and imaging
in exploring oxidative stress, redox status of tissue and the study
of unstable radicals in vivo and in vitro using spin-traps, etc.
Research in the low-frequency EPR imaging area is likely to
expand when time-domain radiofrequency EPR imaging spectrometers become commercially available. The Office of Technology Development at NIH is vigorously pursuing this aspect.
Additionally, the availability of TAMs at reasonable cost will

734

RESONANCE ¨ August 2016

GENERAL ARTICLE

Box 2. Signal Amplification and Data Acquisition
The 300 MHz pulse spectrometer is operated in quadrature mode using a quad mixer and mixing down to the
base band with the transmitter frequency. Any error in the quadrature detection can be removed by CYCLOPS
phase cycling1 by which the transmitter and receiver phases are progressively shifted by 90° and the resulting
signals are suitably combined to retain the real and imaginary part of the signals. Digital phase corrections can
be made subsequently to obtain pure absorption line shapes. The signals received after the dead-time lasts only
for a few microseconds and are acquired using a fast digitizer after amplifying to a suitable level. The receive
chain should have fast recovery and high gain. The first stage amplification immediately following the diplexer
is critical. We use a low-noise (<1 dB), fast recovery (50 ns) preamplifier2 After the first stage amplification,
the signals are filtered through a TTE band-pass filter3 and further amplified using a low-noise amplifier4 and
an RF-amplifier5. Adjustable attenuators are used in between amplification stages to set the appropriate signal
levels and to avoid amplifier overload.
The Free Induction Decay (FID) under imaging conditions hardly lasts over a couple of microseconds and needs
to be digitized using a fast digitizer with a sampling rate better than 200 Ms/s with a real-time fast summing
capability. Faster sampling enhances the Signal-to-Noise Ratio (SNR). The very short T1 and T2 of paramagnetic
systems allows rapid signal averaging since the interpulse delay (TR) can be of the order of 10 Ps and we can
sum 100,000 FIDs every second to get an SNR advantage of >300. It would be advantageous to have a digitizer
with good vertical resolution. But most fast digitizers, with very few exceptions, are based on 8-bit resolution.
In our spectrometer, we use a data acquisition system6 with maximum sampling rate of 500 Ms/s with two
channels and a PCI7 interface. This has turned out to be the best in terms of flexibility of digitization rate, FID
length, interpulse delays, etc. A complete schematic of the 300 MHz time-domain spectrometer currently in
operation at the National Cancer Institute is given in Figure A. The spectrometer is capable of operating at 300,
600 and 750 MHz although most work is being done at 300 MHz †.

1

In pulsed magnetic resonance, we detect the rotating free induction signals using two detectors in the rotating

transverse plane (XY) at 90°. Since signals at different frequencies are likely to make different angles, the
detected signals, upon Fourier transform, will produce signals which are mixtures of absorption and dispersion.
By systematically changing the phases of the pulses and detectors and combining those appropriately in the
computer, one can get pure absorption signals. This is the so-called CYCLically Ordered Phase Sequence.
2

Hi Level PHEMPT preamplifiers, Angle Linear, Lomita, CA.

3

300 MHz center frequency and 42 MHz bandwidth (TTE/07766-KC6-300M-14P-50-60-6140, TTE Inc., Los

Angeles, CA).
4
5

Miteq 2A 150, 25 dB, Happauge, New York.
Model MHW 590, gain 25 dB, Motorola, Schaumburg, IL.

6

Model AP100, Acquiris USA, Monroe, CA.

7

Peripheral Component Interconnect for attaching hardware devices in a computer.

†

N Devasahayam, S Subramanian, R Murugesan, F Hyodo, K I Matsumoto, J B Mitchell, M C Krishna, Strategies

for Improved Temporal and Spectral Resolution in in vivo Oximetric Imaging Using Time-Domain EPR, Magn.
Reson. Med., Vol.57, No.4, pp.776–783, 2007.

Box 2 Continued...
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Box 2 Continued...

Figure A. A schematic diagram of the pulsed EPR spectrometer/imager at the National Cancer
Institute, NIH. The spectrometer operates at 300, 600 and 750 MHz. For each of the frequencies, only
the T/R diplexer switch and the resonator need to be changed.
Reprinted from N Devasahayam et al, Magn.Reson.Med., Vol.57, pp.776–783, 2007 with permission from W ileyInterscience.

further expand research activities in tumor physiology and discovery of drugs. Nitroxide-based 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. On the other
hand, narrow-line TAM radicals are ideally suited for pulsed

736

RESONANCE ¨ August 2016

GENERAL ARTICLE

Box 3. Resonators for EPRI
In the radiofrequency region, which is more relevant for in vivo imaging, we use an RLC circuit as
resonator with the inductance and capacitance being that of a solenoidal, Hemholz, or saddle-type coil,
made out of silvered copper wire or copper bands. Using a combination of fixed and tunable capacitors
in series (or parallel) and additional tunable capacitors to ground, one can tune the resonator to the required
frequency and match the resonator typically to 50 ohms impedance. The resonance frequency of an RLC
circuit is given by

!0 =

p1
LC

,

(i)

where L is the overall inductance of the resonator circuit and C its total capacitance. Birdcage and Litz
coils (both in NMR and EPR) as well as other structures with distributed inductances and capacitances
(known as lumped circuit elements) have been designed for specific purposes. Loop-gap resonators are
also very useful in low-frequency EPR. These consist of a loop of metal with one, two or several adjustable
gaps, the thickness and gap providing the necessary tunable capacitance and inductance and the RF is fed
via inductive coupling. Most resonators are shielded with a grounded mesh or enclosure.An important
characteristic of an EPR resonator is its Q-factor. Q is defined by
energy stored
.
Q = 2¼ energy dissipated
dissipated per cycle

(ii)

The sensitivity of the resonator is proportional to Q and is inversely proportional to its effective bandwidth.
When one applies a rectangular RF or MW pulse, the resonator is subject to a broad band of frequencies
corresponding to the Fourier transform of the rectangular profile which is a sinc function (see Figure A). The
frequency bandwidth of such a pulse will excite resonances over the region covered by the first zero-crossing
of the sinc profile on either side of the carrier frequency. Besides, in FT-EPR, there is an important time factor
known as the ‘dead-time’. When an RF or MW pulse is applied from the transmitter to the resonator to
interrogate the magnetization, the electrical signal generated by the spins is of the order of pico to microvolts,
which requires amplification by several orders of magnitude. Besides the free electron induction signals, the
Figure A. An RF pulse of width tp generates a spectrum frequency with a central
lobe and progressively diminishing lobes
(sinc function) which is the Fourier transform of a rectangular time pulse), with the
width of the central lobe at the first zerocrossing at ± 1/tp. Uniform excitation is
possible only across half of this range,
namely 1/tp centered around the carrier
frequency.
Box 3 Continued...

RESONANCE ¨

August 2016

737

GENERAL ARTICLE

Box 3 Continued....
resonator itself generates a characteristic exponentially decaying ‘ringing’ whose angular frequency Zr
depends on the inductance L, capacitance C and resistance R given by

³
!r = !0 1 ¡

L
4Q2

´0:5

,

(iii)

with a time constant Wr given by,

¿r =

2Q
!0

.

(iv)

A rule-of-thumb estimate for the ringing energy to reduce down to the thermal noise level of the electronic
circuit is twenty times the ringing time constant and only after this, the resonance signals can be recovered. For
the purpose of our low frequency (300 MHz) in vivo EPR measurements, both CW as well as pulse FT-EPR
measurements, we have developed a parallel loop resonator that can be used with low Q for FT-EPR and high
Q for CW-EPR†.
†

N Devasahayam, S Subramanian, R Murugesan, J A Cook, M Afeworki, R G Tschudin, J B Mitchell, M C Krishna,

Parallel Coil Resonators for Time-Domain Radiofrequency Electron Paramagnetic Resonance Imaging of
Biological Objects, J. Magn. Reson., , Vol.142, No.1, 168–176, 2000.

excitation and rapid imaging using time-domain EPR. The unique
combination of Echo and SPI would be the method of choice. SPI
method is identical to image data collection modes that are
common in MRI. There has been lot of developments in MRI that
is based on fast generation of k-space data that uses the Hermitian
symmetry of the k-space matrix. Partial k-space approach known as
compressed imaging will also be applicable to EPR imaging. Thus
SPI mode of EPR imaging will make it familiar to vast majority of
MRI practitioners [8].
Devices and methods from digital signal processing that is causing rapid advances in cellular communication will also be of use
in improving RF spectroscopy and imaging. Direct detection,
sub-sampling, Field Programmed Gate Array (FPGA)-based spectrometer design, etc., are being developed both in MRI and EPRI.
While small animal functional EPR imaging and applications in
tumor drug development have already been accomplished, if one
has to scale up EPR imaging to larger subjects and ultimately to
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human imaging, it is mandatory that the RF power requirements
have to be reduced considerably. Stochastic (pseudo random)
excitation or Hadamard excitation correlation13 has been used in
MRI previously to reduce the power requirements by two to three
orders of magnitude. One can also use special spread-spectrum
pulse sequences that are apparently capable of generating broadband excitation with low RF power. The field is still at its
formative stage for human application, but promises to be a
powerful and valuable method in cancer research and treatment.

13A

nonlinear system, such as

nuclear and unpaired electrons,
in a magnetic field responds to
an input signal x(t) with an output signal y(t).

The input is

either radio frequency noise or
pulses with pseudo-random (stochastic) phases. The randomizing of the phases of pulses is
carried out using software that
produces a sequence of ones
and zeroes which is used to set
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experiment, records of both sig-

lating ‘noise’ excitation.

In the

nals (transmitted and response)
are acquired. The spectrum is
derived from the experimental
data by extensive numerical data
manipulation, involving correlation of excitation and response
records. W ithout going into details, it is known that such a
process needs very low power
and is capable of yielding exhaustive information of the spin
system without a priori knowledge.
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