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(57) ABSTRACT 

A system and method for an electron paramagnetic reso
nance imaging (EPRI) system includes a magnet configured 
to apply a static magnetic field to a subject to be imaged and 
a gradient coil configured to apply a magnetic field gradient 
to the static magnetic field. The system also includes a 
parallel plate waveguide (PPWG) configured to use a trav
eling wave to generate a radio frequency (RF) magnetic field 
over a volume of interest (VOI) in the subject to elicit EPRI 
data from the VOI and a processor configured to reconstruct 
the EPRI data into an image of the VOL 
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1 

SYSTEM AND METHOD FOR ELECTRON 
PARAMAGNETIC RESONANCE IMAGING 

USING TRANSMISSION LINES TO 
GENERATE TRAVELING WAVES 

2 
In accordance with one aspect of the disclosure, an 

electron paramagnetic resonance imaging (EPRI) system is 
provided. The system includes a magnet configured to apply 
a static magnetic field to a subject to be imaged and a 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH 

5 gradient coil configured to apply a magnetic field gradient to 
the static magnetic field. The system also includes a trans
mission line configured to use a traveling wave to generate 
a radio frequency (RF) magnetic field over a volume of 

This invention was made with government support under 
TR000427 awarded by the National Institutes of Health. The 10 

government has certain rights in the invention. 

BACKGROUND 

interest (VOI) in the subject to elicit EPRI data from the VOI 
and a processor configured to reconstruct the EPRI data into 
an image of the VOL 

In accordance with another aspect of the disclosure, an 
electron paramagnetic resonance imaging (EPRI) system is 
provided that includes a magnet configured to apply a static 

The present disclosure relates to systems and methods for 
medical imaging. More particularly, the present disclosure 
relates to systems and method for electron paramagnetic 
resonance imaging (EPRI) using a traveling wave regime to 
generate electromagnetic fields. 

15 magnetic field to a subject to be imaged and a gradient coil 
configured to apply a magnetic field gradient to the static 
magnetic field. The system also includes a parallel plate 
waveguide (PPWG) configured to use a traveling wave to 
generate a radio frequency (RF) magnetic field over a 

20 volume of interest (VOI) in the subject to elicit EPRI data 
from the VOI and a processor configured to reconstruct the 
EPRI data into an image of the VOL 

Electron paramagnetic resonance imaging (EPRI) is a 
low-cost and highly-specific molecular imaging modality. 
Molecular imaging describes biomedical imaging tech
niques that derive specific contrast based on the molecular 
biology of the associated tissue being assessed, and is most 
often associated with positron emission tomography (PET). 
EPRI can also be used to non-invasively measure tissue 
properties such as oxygenation, pH, and redox status and has 
additional demonstrated applications in cell tracking, radia
tion dosimetry, and non-biological applications in materials 
science. Compared to other imaging modalities that utilize 
response to magnetic fields as a mechanism to elicit contrast, 
such as magnetic resonance imaging (MRI), EPRI requires 
substantially lower magnetic fields, allowing the use of 
non-superconducting electromagnetics, which substantially 
reduce construction and siting costs. Thus, in many ways, 35 

EPRI is more flexible, less costly, and less complex than 
popular clinical modalities for molecular imaging, such as 
PET, or anatomical imaging, such as MRI. 

The foregoing and other aspects and advantages of the 
invention will appear from the following description. In the 

25 description, reference is made to the accompanying draw
ings which form a part hereof, and in which there is shown 
by way of illustration a preferred embodiment of the inven
tion. Such embodiment does not necessarily represent the 
full scope of the invention, however, and reference is made 

30 therefore to the claims and herein for interpreting the scope 
of the invention. 

Despite these advantages, EPRI has often been limited to 
small-animal imaging. The two primary reasons for this 40 

limitation against extending EPRI to clinical medicine are 
(1) the short signal lifetimes encountered in EPRI, which 
make image acquisition technologically challenging, and (2) 
the need to use higher RF/microwave frequencies to achieve 
the desired sensitivity, which can be challenging in terms of 45 

uniform magnetic field creation, tissue penetration for 
whole-body or large volume imaging, and power absorption 
within the tissue. While several solutions to image acquisi
tion challenges relative to short signal lifetimes have been 
demonstrated, the remaining limitation of moving toward 50 

higher frequency operation for imaging is unmet, yet critical 
to making EPRI available for clinical, human applications. 

Thus, a need persists to allow provide imaging systems 
and methods that can leverage the electron paramagnetic 
resonance phenomenon for imaging in clinical, human set- 55 

tings. 

SUMMARY 

The present disclosure overcomes the aforementioned 60 

drawbacks providing systems and methods for electron 
paramagnet resonance imaging (EPRI) that depart from 
traditional magnetic-field-generation systems in favor of 
antennas and magnetic field generators operating in a trav
eling wave regime that improves the uniformity of RF 65 

penetration through tissue without falling prey to the limi
tations of traditional systems. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. lA is a block diagram of an electron paramagnetic 
resonance imaging (EPRI) system. 

FIG. lB is a block diagram of another EPRI system. 
FIG. 2 is a graph showing Ell cutoff frequency (and EPR 

field strength) vs. waveguide diameter. 
FIG. 3A is a perspective view of a parallel plate wave

guide fed by a monopole antenna in accordance with the 
present disclosure. 

FIG. 3B is a cut-plane view of a simulated magnetic field 
generated with the parallel plate waveguide of FIG. 3A. 

FIG. 4 is a block diagram of an EPRI system in accor
dance with the present disclosure incorporating the parallel 
plate waveguide of FIG. 3A. 

FIG. SA is a graph of measured spectrum (absorbance) of 
1,1-diphenyl-2-picrylhydrazyl (DPPH) on a prototype trav
eling wave spectrometer in accordance with the present 
disclosure. 

FIG. SB is a graph of measured spectrum (first derivative 
of absorbance) of 1, 1-dipheny 1-2-picry lhydrazy 1 (D PPH) on 
the traveling wave spectrometer adapted within the system 
of FIG. 4. 

FIG. 6 is a block diagram of an example system that can 
be configured to carry out techniques, methods, and pro
cesses accordance with the present disclosure. 

DETAILED DESCRIPTION 

Electron paramagnetic resonance imaging (EPRI) works 
on the same principles of physics as magnetic resonance 
imaging, except that the species of interest is the electron, 
rather than the proton or other magnetic nuclei. These 
techniques rely on the resonant properties of unpaired elec
trons and certain atomic nuclei (e.g., lH, 13C, 14N, 19F, 



US 10,520,575 B2 
3 

23Na, 31P) in the presence of a uniform magnetic field. For 
example, the electron (with spin quantum number=½) aligns 
itself either parallel or anti-parallel to the applied magnetic 
field. The energy of these two states is described by the 
Zeeman Effect. The electron may then transition between 
these two states by emitting or releasing a photon, which has 
an energy matching the energy difference between the two 
states, thereby providing a frequency dependence or reso
nance condition to all transitions. This frequency depen
dence scales linearly with the applied magnetic field and, 
therefore, the theoretical signal available also scales linearly 
with the applied magnetic field. Thus, EPRI at higher 
operating frequencies allow inherently more sensitive imag
ing. 

4 
While efforts to bring this technology to the clinic are 
ongoing, there are a variety offundamental limitations to the 
current development of EPRI systems that keep it from 
clinical, human or veterinary use. That is, there are signifi-

5 cant technical factors that both benefit and complicate the 
implementation ofEPRI for clinical uses including humans. 

For example, the extremely rapid spin-spin relaxation of 
the imaged agents (T2*<10 µs for trityl agents [typically 
used for oximetric applications], T2*<500 ns for nitroxide 

10 agents [typically used for redox applications]) makes encod
ing methods that are ubiquitous in MRI difficult or impos
sible (e.g., slice selective excitation and frequency encod
ing). Thus, due to the fleeting signal, EPRI is best performed 
under constant or slowly varying gradients (e.g., using 

15 continuous wave or single point pulsed techniques), which 
greatly slows the rate of image acquisition, typically beyond 
clinically-reasonable times. To overcome this limitation, 
many recent developments have been proposed to accelerate 

Extending beyond the isolated electron, an electron in 
nature interacts with its local molecular environment, caus
ing not just small changes in the levels, but splitting into 
additional energy levels (e.g., hyperfine coupling). Fortu
itously, these energy level changes form a "fingerprint" of 
the electron and its environment, which can be used to 20 

characterize materials with high specificity. Measuring these 
signatures forms the basis of electron spin resonance or 
electron paramagnetic resonance (ESR or EPR). The exten
sion of these spectroscopic methods to imaging is analogous 

image acquisition using acquisition acceleration techniques. 
Even if acquisition times are brought into acceptable 

lengths for human clinical or veterinary use, the high gyro
magnetic ratio of the electron (-660x greater than the proton 
nuclei used in MRI), which increases the polarization 
(Boltzmann distribution), increases the potential measure-

to extending nuclear magnetic resonance (NMR) into MRI. 
The EPRI signal is dependent upon the concentration of 

unpaired electrons ( or free radicals), and these species are 
not typically endogenously present in large numbers in most 
materials and living tissues. Analogous to the concept of 
exogenous tracers that are routinely used for positron emis
sion tomography (PET) imaging, (where the ionizing radia
tion of decaying radioactive molecules is used to generate 
images with highly specific molecular contrast) many non
ionizing biomedical imaging agents (some stable, some 
unstable) have been developed for use in the EPRI applica
tions summarized in Table 1. 

TABLE 1 

Noted applications of electron paramagnetic resonance 
and electron paramagnetic resonance imaging. 

Oxygenation i-s 

pH31-35 

Cell tracking40-42 

Materials science46
' 

47 

Redox status9- 15 ' 25 -30 

Microviscosity36-39 

Dosimetry4345 

The two most common applications of EPRI are the in 
vivo assessment of tissue oxygenation (hypoxia) and tissue 
redox status, both of which are highly relevant in analysis of 
cancer, as well as in stroke, heart disease, and ischemic limb 
disease. Other non-cancer applications have focused on the 
investigation of oxidative stress and redox status. EPRI 
agents have been developed to perform non-invasive imag
ing of pH, which also has roles in cancer investigations ( and 
is related to redox status), but also in drug delivery inves
tigations. Another role in drug delivery studies is the use of 
EPRI agents to study microviscosity. EPRI can be utilized in 
cell tracking and migration studies. An additional particu
larly-high-impact application includes spectroscopic evalu
ation and imaging of ionizing radiation dose (dosimetry), 
which can be performed without an exogenous tracer. 
Finally, EPRI has been demonstrated non-biomedically, to 
evaluate materials, such as lithium ion batteries and solar 
cells. 

Despite these advantageous aspects of EPRI, EPRI is not 
currently used clinically in humans, and in vivo demonstra
tions have, thus far, been limited to small animal models. 

25 able signal and sensitivity of the modality, but requires 
extremely-high electron spin bandwidths and complicates 
RF coil design. Favorably, this also allows EPRI to be 
performed at significantly lower magnetic fields than MRI. 
Most in vivo EPRI systems operate between 0.0089-0.0107 

30 T, which allows the use of an easy-to-site and low-cost 
resistive electromagnets, as opposed to superconducting 
magnets in MRI. This high gyromagnetic ratio, whilst 
improving sensitivity and reducing hardware costs ( e.g. 
through the use resistive electromagnets compared to super-

35 conducting magnets used in MRI), equates to higher fre
quency operation (e.g., a 0.0107 T EPRI scanner operates 
with the same radiofrequency requirements as a 7T MRI 
scanner). Because imaging is performed using magnetic 
field gradients, the electron spin bandwidth, or spread of 

40 frequencies along the applied gradient direction can also be 
extremely high (10-100 MHz). This complicates the design 
of the RF sub-systems, requiring fundamental deviations 
from concepts used in MRI. RF coil bandwidth is typically 
addressed by the use of extremely rapid ( <100 ns) high 

45 bandwidth RF pulses or, for continuous wave imaging, 
sweep coils to modulate the local magnetic field, rather than 
using a frequency swept pulse, as used in NMR. 

A third technical factor complicating the adaptation of 
EPRI for veterinary or clinical human use is the increased 

50 amount of energy absorbed by tissues at higher operating 
frequencies (i.e. the specific absorption rate (SAR)). If not 
properly accounted for, tissue heating can become excessive 
and potentially dangerous, particularly, for poorly perfused 
tissues. This issue is inevitably encountered in EPRI (par-

55 ticularly using pulsed acquisition strategies), as well as 
ultra-high-field MRI (field strength>7T). Some have devel
oped stochastic excitation techniques to reduce SAR. 

Finally, increased operating frequency reduces the dis
tance RF energy penetrates into tissue, which is referred to 

60 as "skin depth". This problem is particularly exacerbated in 
EPRI systems that use the reactive near-fields of RF reso
nators for imaging. In these systems, the tissue to be imaged 
is located in the near field region of the resonator. In the 
reactive near field region of a resonator, the field strength 

65 decays much more rapidly as frequency increases compared 
to the far field of an antenna (e.g. e-c"/(krt, 2<n<3, mag
nitude reduction in the near field vs. e-ar/kr reduction in the 
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far field). Thus, at high frequencies, a conventional resona
tor-based EPRI system cannot provide a uniform magnetic 
field distribution across the imaging area. This results in 
objectionable shading or complete loss of signal in acquired 
images. While this does not pose significant problems for 5 

highly localized surface imaging or imaging of small ani
mals such as mice, this is the most significant hurdle for 
human or veterinary use of EPRI. 

The designs of the systems illustrated in FIGS. lAand 1B 
are highly similar, and a given system can be adapted from 
type to the other with only a few component changes. In 
particular, both the pulsed EPRI system 100 of FIG. lA and 
the CW EPRI system 102 of FIG. 1B include an imaging 
system 104 including a magnet 106, a gradient coil system 
108, and a resonator 110. The magnet 106 is comparatively 
small, for example, when considering MRI. For example, 
the magnet 106 is less than 1 Tesla (T) and often in the rate 
of a few mT, such as 4 mT. In this way the magnet 106 is 
driven by a power supply 112 and the gradient coil system 

Ultra-high-field MRI also experiences these issues, and 
techniques such as parallel transmit (which utilizes multiple 10 

simultaneous RF elements), can be used to improve RF 
uniformity (and also reduce SAR). Such techniques have not 
yet been fully proposed or developed for EPRI, likely due to 
the complication of making an array from the shielded RF 
coil designs that are frequently utilized for EPRI, as well as 15 

the substantial cost of making parallel transmit systems due 

108 is drive by gradient power amplifiers 114, which are 
both controlled by DAC 116 that forms part of a control 
system 118. Also included in the control system 118 is an RF 
source 120 that drives the resonator 110. 

Resonators that are currently used for in vivo EPRI of 
small animals are typically limited in coverage to a small 
section of the body. A variety of designs exist, but most 
commonly use surface loop resonators, loop-gap resonators, 

to the need for multiple RF amplifiers (which are extremely 
expensive since pulse timing requirements in EPRI require 
timing that is at least 3 orders of magnitude shorter than 
MRI). 

As will be described herein, the systems and methods of 
the present disclosure overcome these and other challenges 

20 parallel resonators, or the like. Among the limitations of 
using conventional resonators is their limited sensing vol
umes and incapability to generate uniform magnetic field 
distribution over large volumes at high frequencies. This is by providing systems and methods for EPRI that use trav

eling waves (TW). In accordance with the present disclo
sure, a transmission line may be used to create a uniform 25 

magnetic field distribution over a large section of a volume 

primarily due to the fact that these resonators use reactive 
near fields for imaging. Thus, a uniform RF magnetic field 
can be generated only in a small volume in the center of the 

of interest (VOI), even on the scale of RO Is within a human. 
Within the transmission line, the magnitude of the RF 
magnetic field remains constant (i.e., no 1/(krt decay). This 
drastically reduces the field decay problems experienced in 30 

resonator-based EPRI. 

coil. At higher frequencies, the problem with the sensing 
volume of these resonators is further exacerbated due to the 
reduced penetration depth of RF fields into biological tissues 
(note that in conventional EPRI resonators are often used for 
both transmit and receive). However, as will be described, 

As a result, when operating at higher frequencies, one can 
still provide a uniform magnetic field distribution over 
substantial VOis inside the human body or in veterinary 
applications. As will be described, the TW EPRI systems 
and methods of the present disclosure allow the use of a 
higher magnetic field to improve sensitivity for a benchtop 
TW EPRI systems field size and consistency needed to 
implement human-sized or veterinary EPRI techniques. 

Traditionally, the design of EPRI systems have been 
highly analogous to NMR and MRI system designs. As a 
result of this, two distinct designs of EPRI systems have 
been developed. Referring to FIG. lA a first EPRI system is 
illustrated that utilizes broadband RF pulses (i.e., the pulsed 
approach). As shown in FIG. 1B, a second EPRI system is 
illustrated that utilizes continuous wave (CW) RF energy to 
detect the reflected energy from unpaired electrons (i.e., the 
CW approach). 

The pulsed approach utilizing the system of FIG. lA is 
particularly challenging to develop due to bandwidth con
siderations, as described above, and due to the short-lived 
EPRI signals. For example, switching between transmit 
mode (at several hundreds of Watts) and receive (to measure 
nano-volt level signals) takes several hundred nanoseconds 
during which up to 50% of the available signal may be lost 
due to endogenous signal decay given the short spin-spin 
relaxation rates (T2*) encountered in EPRI. Furthermore, 
pulsed EPRI is currently limited only to compounds that 
have sufficiently long signal lifetimes ( e.g., the trityl radical 
oximetry agents) whereas other components are extremely 
difficult or impossible to detect (e.g., the nitroxides used for 
redox imaging). On the other hand, the CW approach 
utilizing the system of FIG. 1B has been traditionally limited 
by acquisition speed, but this limitation has decreased with 
the development of so-called "rapid-scan methods." Regard
less of these shortcomings, both methods have been dem
onstrated for successful biomedical imaging applications. 

the TW EPRI systems and methods of the present disclosure 
are not limited in this manner and allows for increasing the 
system sensitivity by using higher operating frequencies, 

35 while providing a more spatially uniform RF field illumi
nation and penetration within larger objects. 

The systems 100, 102 differ in the use of a transmit/ 
receive switch 122 in the pulsed EPRI system 100 of FIG. 
lA that enables fast switching between the RF source 120 

40 and an analog-to-digital (ADC) converter 124. This is dis
tinguished from the CW EPRI system 102 that utilizes an RF 
bridge 126 to couple the resonator 110 to the RF source 120 
or a lock-in amplifier 128. Also, the CW EPRI system 102 
includes a modulation coil 130 coupled through an audio 

45 amplifier 132 to the DAC 116. 
With this in mind, the systems and methods described 

herein are provided relative to operating in a CW regime due 
to the increased cost, RF power requirements, and RF 
bandwidth limitations of the pulsed imaging system. How-

50 ever, such descriptions are non-limiting. The TW EPRI 
systems and method described herein are readily applicable 
to being used with either pulsed or CW systems or methods. 

Regardless of the particular system architecture utilized, 
gradient encoding in EPRI is analogous to the techniques 

55 used in MRI to generate images. For example, EPRI gradi
ent encoding is particularly similar to the ultrashort time 
echo (UTE) acquisitions utilized in MRI. However, there are 
two primary differences between the techniques that are 
used in EPRI versus MRI. First, due to the significantly 

60 higher gyromagnetic ratio of the electron compared to the 
proton as described above, the peak gradient amplitudes 
needed for imaging are thus concordantly lower. This ame
liorates some of the hardware design challenges for gradient 
encoding as lower amplitude gradients are required for 

65 imaging an object of the same size. Second, imaging gra
dients in EPRI are generally not feasibly manipulated within 
each repetition of the data acquisition period, as is routine 
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for MRI. While this is expected for acquisitions in the CW 
regime, the pulsed EPRI regime is fundamentally limited by 
the short lifetime of the EPR signal such that it is impractical 
to slew gradient fields within these time constraints. How
ever, encoding schemes that use tomographic back projec
tion reconstruction Fourier transform, Cartesian Fourier
encoded, and hybrid techniques have been successfully 
implemented. 

8 
In one non-limiting example, a prototype PPWG was 

constructed form two 26 gauge brass sheets of size 9.4x4.7 
cm. Nylon plastic screws and bolts were used to separate the 
plates by 6 cm. Using a monopole antenna to realize a TW 

5 excitation, simulation results demonstrated the creation of a 
uniform magnetic field along the length of the PPWG, as 
illustrated in FIG. 3b, across a large volume. The other end 
of the transmission line was resistively terminated at the 
characteristic impedance of the waveguide to ensure that the 

10 wave launched by the antenna along the transmission line 
was indeed a traveling wave and reflections at the far end did 
not create a standing wave pattern and distort the uniformity 
of the magnetic field. 

The present disclosure recognizes that in EPRI, due to the 
reduced static magnetic field strength requirements and the 
use of a resistive electromagnet, where the magnet field ( and 
thus EPRI frequency) can be readily adjusted by a program
mable power supply, a TW approach can be implemented 
with great flexibility. That is, the present disclosure recog-

15 
nizes that the EPRI frequency can be adjusted to match the 
TEu mode given by the diameter of the waveguide, as 
shown in FIG. 2. The TW EPRI systems and methods 
provided herein simplify overall system design, reduce 
system cost, and expand imaging capability by improving 
RF transmission to allow the use of higher magnetic field 
strengths for improved sensitivity. 

In use, as described above, the RF bridge of an EPRI 
system was replaced with a direct feed of the monopole 
antenna (e.g., no hybrid junction), a new modulation coil 
was printed and constructed to fit inside the waveguide, and 
the existing resonator was used as the receiver in a two-port 

20 configuration where port 1 (transmitter) was connected to 
the input of the monopole antenna and where port 2 was 
connected to the receive resonator/coil. In this transmission
type measurement system, the RF magnetic field required 
for EPR excitation was created by the transmission line and 

The systems of FIGS. lA and 1B can be adapted in 
accordance with the present disclosure to include a parallel 
plate waveguide. Specifically, referring to FIG. 3A, a par
allel plate waveguide (PPWG) 300 for an EPRI system is 
illustrated that can be used to adapt the systems of FIG. lA 
or 1B to function as a TW EPRI system. In particular, the 
PPWG 300 is formed from a monopole antenna 302 between 
first and second plates 304,306 that form the PPWG 300 and 
extend to resistive terminations 308. To create a TW exci
tation, a uniform magnetic field was created along the length 
of the PPWG 300 across a large volume, as illustrated in 
FIG. 3B. 

The PPWG 300 is a substantial departure from a conven
tional, reflection-type EPR excitation systems. However, to 
use the PPWG 300 in a full EPRI system, the RF bridge 126 
of FIG. 1B can simply be replaced with a much-simpler 
direct feed of the monopole antenna 302 from the RF source 
120, meaning that no hybrid junction is required. As illus
trated in FIG. 4, in this case, the EPRI system 400 in 
accordance with the present disclosure can be realized when 
the resonator 110 of FIG. lA or 1B is utilized as a receiver 
in a two-port configuration, where a transmitter port 402 of 
the control system 118 is connected to the input of the 
monopole antenna 302 and a receive port 404 of the control 
system 118 is connected to the use the resonator 110 as a 
receiver coil. This architecture, illustrated in FIG. 4, imple
ments a transmission-type system where the RF magnetic 
field required for EPRI excitation is created by the trans
mission line 304, 306 and the monopole antenna 302. The 
resonator 110 is used only for receiving. Thus, a uniform 
magnetic field is created over an entire volume of interest 
(VOI) that can be large, such as to include human or 
veterinary imaging. 

25 the monopole antenna. The resonator was used only for 
receiving. As a result, a uniform magnetic field was created 
over the entire volume of the sample. 

The results of the above-described system were compared 
to a traditional system where the resonator was used both as 

30 the transmitter and the receiver and as such was not able to 
provide a uniform RF magnetic field distribution over the 
entire volume of the sample. Specifically, FIG. SA provides 
a graph of a measured spectrum (first derivative of absor
bance) of 1,1-diphenyl-2-picrylhydrazyl (DPPH) acquired 

35 using a traditional EPR system. On the other hand, the 
measured spectrum of DPPH on the TW EPR system 
described above is shown in FIG. SB. Note that the spectrum 
in FIG. SB does not represent the first derivative of the 
absorption signal which seen in FIG. SA, and common in 

40 conventional reflection-based CW spectrometers, because in 
the two port system, the lock-in detection does not measure 
the signal around a null point (Su), rather a local maximum 
(S21 ). Also, the TW EPR operating mode improves the 
sensitivity of the EPR system compared to the reflection-

45 mode designs. 
While the above-described PPWG is advantageous for the 

creation of transmission lines supporting the transverse 
electromagnetic (TEM) waves, other two conductor wave
guides can also be used. For example, two conductor lines 

50 with semi-cylindrical conductors may be used. Also, the 
devices may be operated at higher frequencies and the 
antennas may be adapted for exciting the TW within the 
waveguide as well as for detecting the EPR signal, without 
relying on a resonator, as described above. 

55 The TW EPRI system described above and illustrated in 
FIG. 4 can be used in a combined configuration with a 
traditional EPRI system that can switch between traditional 
EPR imaging or spectroscopy operation and TW EPR imag
ing or spectroscopy operation. 

Finally, the above-described system can be incorporated 
into a computer or other systems. In particular, FIG. 6 is a 
block diagram of an example system 600 that can be 
configured to carry out techniques, methods, and processes 
accordance with the present disclosure. The system 600 may 

The system 400 of FIG. 4 is in sharp contrast to conven
tional reflection-type continuous wave EPR imaging or 
spectrometry systems, where the resonator is used both as 
the transmitter and the receiver and, as such, are not able to 
provide a uniform RF magnetic field distribution over the 60 

entire volume of the sample. The systems and methods 
provided herein enable imaging at much higher magnetic 
field strengths (and thus higher frequencies) than currently 
used, such as 1 GHz vs. 250-300 MHz, at a size that is 
suitable for human or veterinary imaging. Thus, the systems 
and methods provided herein provide for the use ofEPRI for 

65 include the above-described EPRI system 400, which may 
be coupled to a computer system 604. The coupling of the 
EPRI system 400 to the computer system 604 may be a in vivo human or veterinary imaging applications. 
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direct or dedicated network connection, or may be through 
a broad network 16, such as an intranet or the Internet. 

10 
2. The EPRI system of claim 1 wherein the transmission 

line is coupled to an RF source configured to drive the 
transmission line to generate the RF magnetic field by 
generating a traveling wave. 

3. The EPRI system of claim 1 further comprising a 
receiver system to acquire electron paramagnetic resonance 
(EPR) signals from the VOI in response to the RF magnetic 
field generated by the transmission line. 

The computer system 604 may be a workstation inte
grated with or separate from the medical imaging systems 
400 or a variety of other medical imaging systems, includ- 5 

ing, as non-limiting examples, computed tomography (CT) 
system, magnetic resonance imaging (MRI) systems, posi
tron emission tomography (PET) systems, single photon 
emission computed tomography (SPECT) systems, and the 
like. Furthermore, the computer system 604 may be a 
workstation integrated within the medical imaging system 
400 or may be a separate workstation or mobile device or 
computing system. To this end, the following description of 
particular hardware and configurations of the hardware of 

15 
the example computer system 604 is for illustrative pur
poses. Some computer systems may have varied, combined, 

4. The EPRI system of claim 3 wherein the receiver 
10 system include an EPRI resonator. 

or different hardware configurations. 
Medical imaging data acquired by the medical imaging 

system 400 or other imaging system can be provided to the 20 

computer system 604, such as over a network 606 or from 

5. The EPRI system of claim 4 further comprising a 
lock-in amplifier coupled to the resonator to receive the EPR 
signals and form the EPRI data. 

6. The EPRI system of claim 4 wherein the processor is 
configured to control the transmission line and the resonator 
to operate in transmission mode. 

7. The EPRI system of claim 1 wherein the magnet is 
configured to generate a magnetic field of less than 1 Tesla. 

8. The EPRI system of claim 1 wherein the wave guide 
forms a parallel plate waveguide (PPWG). 

9. The EPRI system of claim 8 wherein the parallel plate 
are coupled through an antenna. 

a storage device. To this end, the computer system 604 may 
include a communications port or other input port 608 for 
communication with the network 606 and system coupled 
thereto. Also, the computer system 604 may include memory 
and storage capacity 610 to store and access data or images. 

10. The EPRI system of claim 9 wherein the antenna is a 
25 monopole antenna. 

11. The EPRI system of claim 8 further comprising 
resistive terminations between the parallel plates. 

12. The EPRI system of claim 1 wherein the subject is a 
human and the VOI is a volume within the human. 

13. The EPRI system of claim 1 wherein the processor is 
configured to control the EPRI system to operate according 
to a pulsed EPRI process. 

In some configuration, computer system 604 may include 
one or more processing systems or subsystems. That is, the 
computer system 604 may include one or more physical or 
virtual processors. As an example, the computer system 604 30 

may include one or more of a digital signal processor (DSP) 
612, a microprocessor unit (MPU) 614, and a graphics 
processing unit (GPU) 616. If the computer system 604 is 
integrated into the medical imaging system, a data acquisi
tion unit 618 may be connected directly to processor(s) 612, 
614, 616 over a communications bus 620, instead of com
municating acquired data or images via the network 606. As 

14. The EPRI system of claim 1 wherein the processor is 

35 
configured to control the EPRI system to operate according 
to a continuous wave (CW) EPRI process. 

an example, the communication bus 620 can be a group of 
wires, or a hardwire used for switching data between the 40 
peripherals or between any component, such as the commu
nication buses described above. 

The computer system 604 may also include or be con
nected to a display 622. To this end, the computer system 
604 may include a display controller 624. The display 622 45 
may be a monitor connected to the computer system 604 or 
may be integrated with the computer system 604, such as in 
portable computers or mobile devices. 

The present invention has been described in terms of one 
or more preferred embodiments, and it should be appreciated 50 
that many equivalents, alternatives, variations, and modifi
cations, aside from those expressly stated, are possible and 
within the scope of the invention. 

15. An electron paramagnetic resonance imaging (EPRI) 
system comprising: 

a magnet configured to apply a static magnetic field to a 
subject to be imaged; 

a gradient coil configured to apply a magnetic field 
gradient to the static magnetic field; 

a parallel plate waveguide (PPWG) configured to use a 
traveling wave to generate a radio frequency (RF) 
magnetic field over a volume of interest (VOI) in the 
subject to elicit EPRI data from the VOI; and 

a processor configured to reconstruct the EPRI data into 
an image of the VOL 

16. The EPRI system of claim 15 further comprising a 
receiver system including an EPRI resonator configured to 
acquire electron paramagnetic resonance (EPR) signals from 
the VOI in response to the RF magnetic field generated by 
the PPWG. 

The invention claimed is: 55 
17. The EPRI system of claim 16 wherein the processor 

is configured to control the PPWG and the resonator to 
operate in transmission mode. 

1. An electron paramagnetic resonance imaging (EPRI) 
system comprising: 

a magnet configured to apply a static magnetic field to a 
subject to be imaged; 

a gradient coil configured to apply a magnetic field 60 

gradient to the static magnetic field; 

18. The EPRI system of claim 15 wherein the PPWG 
forms includes parallel plates forming a transmission line. 

19. The EPRI system of claim 18 wherein the parallel 
plates are coupled through an antenna. 

a transmission line forming a waveguide configured to use 
a traveling wave to generate a radio frequency (RF) 
magnetic field over a volume of interest (VOI) in the 
subject to elicit EPRI data from the VOI; and 

a processor configured to reconstruct the EPRI data into 
an image of the VOL 

20. The EPRI system of claim 15 wherein the processor 
is configured to control the EPRI system to selectively 
operate according to either a pulsed EPRI process or a 

65 continuous wave (CW) EPRI process. 
21. The EPRI system of claim 1 wherein the wave guide 

is configured to create transverse electromagnetic (TEM) 
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waves to generate the RF magnetic field over the VOI in the 
subject to elicit EPRI data from the VOL 

* * * * * 

12 


