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Abstract

This article reports experimental investigations on the use of RF resonators for continuous-wave electron paramagnetic resonance
(cw-EPR) and proton nuclear magnetic resonance (NMR) imaging. We developed a composite resonator system with multi-coil paral-
lel-gap resonators for co-registration EPR/NMR imaging. The resonance frequencies of each resonator were 21.8 MHz for NMR and
670 MHz for EPR. A smaller resonator (22 mm in diameter) for use in EPR was placed coaxially in a larger resonator (40 mm in
diameter) for use in NMR. RF magnetic fields in the composite resonator system were visualized by measuring a homogeneous
4-hydroxy-2,2,6,6-tetramethyl-piperidinooxy (4-hydroxy-TEMPO) solution in a test tube. A phantom of five tubes containing distilled
water and 4-hydroxy-TEMPO solution was also measured to demonstrate the potential usefulness of this composite resonator system in
biomedical science. An image of unpaired electrons was obtained for 4-hydroxy-TEMPO in three tubes, and was successfully mapped on
the proton image for five tubes. Technical problems in the implementation of a composite resonator system are discussed with regard to
co-registration EPR/NMR imaging for animal experiments.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Non-invasive imaging techniques are important
advancements in clinical and biomedical studies. For exam-
ple, proton magnetic resonance imaging (MRI) can provide
anatomical images of human bodies. Electron paramagnet-
ic resonance (EPR) spectroscopy is also a magnetic reso-
nance technique that can be used to detect specific
molecules with unpaired electrons, i.e., free radicals. While
electron paramagnetic resonance imaging (EPRI) tech-
niques can show the spatial distributions of free radicals
in a subject animal, a lack of anatomical images is a techni-
cal problem in determining the distribution of free radicals
in an animal’s organs. If an EPR image of free radicals
is superimposed on an anatomical image obtained with
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MRI, it could be very useful for identifying the distributions
of free radicals in the organs of a subject animal. Such a
multimodal imaging method is urgently needed in biomed-
ical sciences. There are two ways to map the images of free
radicals on an anatomical image of a subject. One is to use a
combination of proton-MRI and EPRI [1–3], and the other
is to use Overhauser-enhanced magnetic resonance imaging
(OMRI), also called proton–electron double resonance
imaging (PEDRI) [4–7]. These imaging modalities can
address the technical problem of EPRI regarding a lack of
anatomical images.

The unification of proton-MRI and EPRI, called co-
registration electron paramagnetic resonance/nuclear
magnetic resonance (EPR/NMR) imaging, requires tech-
nological advances in magnets, RF coils, and software
[8,9]. Sato et al. [1] reported their EPR/NMR imaging
instrument. They used 680-MHz cw-EPR and 27.7-MHz
cw-NMR spectrometers to obtain EPR/NMR images.
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Some of the RF components in the EPR/NMR spectrom-
eters were the same, such as an RF resonator, an electro-
magnet, a VSWR bridge, and an RF signal source. In this
instrument, a loop-gap resonator with a transmission line
was used for MRI at 27.7 MHz and EPRI at 680 MHz.
The resonator was enclosed with a shielding case that
had been used for an EPR instrument. A bulky shielding
case is problematic for use in a pulsed MRI scanner, since
the magnetic field gradient changes with a fast raise-time
in data-acquisition processes. Thicker conductive elements
disturb a time-varying magnetic field gradient due to
eddy currents in the conductive elements. Since several
pulse sequences are very beneficial for MRI experiments,
RF resonators and shielding cases used in EPR/NMR
imaging have to be compatible with modern pulsed MRI
scanners.

In addition to the report by Sato and his colleagues,
individual instruments (EPRI and MRI) have been used
for co-registration EPR/NMR imaging. Matsumoto et al.
[3] reported a composite resonator system that was used
for a clinical 0.2-T MRI scanner and a 300-MHz cw-
EPR imager. In this resonator system, irradiation and
detection coils (8.5 MHz) and a parallel coil resonator
(300 MHz) were combined to perform co-registration
EPR/NMR imaging. In MRI, the irradiation coil was a
saddle coil 535 mm in diameter and 780 mm in length.
The detection coil was a solenoid coil 60 mm in diameter
and 40 mm in length. Clinical MRI scanners are superior
for measuring human bodies, but are not necessarily
suitable for use in small animals. A resonator system
that is fit for small-animal imaging would be useful for
co-registration EPR/NMR imaging in small rodents. We
focused on a composite resonator system for small-animal
imaging. Such a resonator system would have to be suitable
for the magnets used in an MRI scanner and an EPR
imager.

There is another approach for making co-registration
EPR/NMR imaging possible; a subject animal is trans-
ferred between EPRI and MRI instruments with a specially
developed animal holder [2]. This holder avoids the mis-
alignment of a subject animal in both EPRI and MRI
instruments. Position markers are also used to adjust the
registration of free radicals and proton images. The use
of markers is a straightforward approach to make co-
registration EPR/NMR imaging possible. It has been
pointed out that a major limiting factor in the accuracy
of image registration is the EPR image resolution. If spin
probes with a broad absorption linewidth, e.g., nitroxide
radicals, are used in experiments, the accuracy of the regis-
tration is limited due to the lower spatial resolution of
EPRI.

This article describes investigations on the application of
RF resonators for use in 0.5-T proton-MRI (21 MHz) and
24-mT cw-EPRI (670 MHz). These RF resonators were
intended to measure the head of a mouse. We tested this
composite resonator system with a capillary phantom,
and demonstrated co-registration EPR/NMR imaging.
2. Methods

2.1. Design strategy

There are several requirements for a composite resona-
tor system for co-registration EPR/NMR imaging: (i) the
subject should be measured without any movement
between the EPR and NMR resonators [10,11], (ii) each
resonator should show good penetration of magnetic field
modulation, and (iii) electromagnetic shielding for EPR
should not interfere with time-varying magnetic field gradi-
ents in MRI pulse sequences. In addition to these general
considerations, we had specific requirements for the reso-
nators: (iv) the resonator system should have an appropri-
ate sample-space for a mouse’s head, (v) the resonance
frequencies for NMR and EPR have to be compatible in
our MRI scanner (21.8 MHz) and cw-EPR imager (600–
700 MHz), and (vi) the dimensions of the resonator system
should be suitable for the gap in the magnet used in EPR
(55 mm). Since a 0.5-T MRI scanner has a wider gap
(60 mm), our composite resonator system should fit within
the narrower limit (55 mm).

To realize requirement (i), we aligned two resonators
coaxially. This allowed us to measure a subject animal
for both EPRI and MRI. For requirement (ii), we used a
multi-coil, parallel-gap resonator for both imaging modal-
ities. This resonator has less of a shielding effect for
magnetic field modulation, compared to a conventional
loop-gap resonator (LGR). The details of the multi-coil
parallel-gap resonator (MCPGR) are described below.
For requirement (iii), we used a thin-copper layer for part
of a shielding case, which is helpful for reducing electro-
magnetic loss of the resonator due to radiation into the
laboratory space. While a thin-copper layer (16 lm thick)
works for electromagnetic shielding at the frequency used
for EPR detection, it was intended to give less interference
with a time-varying magnetic field gradient. We set the
sample space for a mouse’s head to be 18 mm in diameter,
and the resonance frequencies for the two resonators were
intended to be tuned to 21.8 and 650 MHz. The width of
the shielding case was set to 54 mm.

2.2. Application of resonators

Fig. 1A shows a schematic of an MCPGR. While an
MCPGR looks like a parallel coil resonator [3,12,13], it
is electrically equivalent to a conventional LGR, as shown
in Fig. 1B [14,15]. Five individual loops made of copper
wire (1 mm thick) were soldered to a parallel-plate capaci-
tor (0.79 mm thick) made of CuFlon� (CF-A-31-7-7,
Polyflon Company, NY). To decrease the resonance
frequency of the MCPGR used in NMR to 21.8 MHz,
additional capacitors of 1.2 nF were connected to a paral-
lel-plate capacitor. The inner diameter of the MCPGR used
in NMR was 40 mm, and that of the MCPGR used in EPR
was 22 mm. A Helmholtz coil pair (68 mm in mean diam-
eter) for magnetic field modulation was placed on the wall



Fig. 2. (A) Matching network for the MCPGR used in NMR. A capacitor
CT, 1.2 nF, was added to the parallel-plate capacitor to adjust the
resonance frequency to 21.8 MHz. (B) Matching network for the MCPGR
used in EPR.

Fig. 3. Schematic cross-section of a composite resonator system. The
MCPGR used in EPR was inserted into another MCPGR used in NMR.
Hollow bobbins that support the MCPGRs are not shown. A Helmholtz
coil pair was located in a shielding case and fixed to the sidewalls of the
case. The sidewalls of the shielding case were made of epoxy resin on a
fiberglass base and a 16-lm layer of copper.

Fig. 1. (A) Schematic of a multi-coil parallel-gap resonator (MCPGR) for
use in co-registration EPR/NMR imaging. The diameter D and axial
length L of the MCPGR for NMR were 40 and 24 mm, respectively. The
diameter D and axial length L of the MCPGR for EPR were 22 and
18 mm, respectively. The parallel-plate capacitors measured 5 · 23 mm
(EPR) and 5 · 35 mm (NMR). The static magnetic field B0 is perpendic-
ular to the axis of the MCPGR. (B) Equivalent electrical circuit for the
MCPGR.
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of the shielding case. The modulation coil was used only
for cw-EPR measurements, and could generate field modu-
lation (90 kHz) up to 0.2 mTp-p with a high-speed amplifier
(Model 4015, NF Corp., Japan). For both resonators,
capacitive coupling was used to achieve good impedance
matching (Figs. 2A and B). Non-magnetic trimmer capac-
itors (NMAJ55HV for use in NMR, NMAM25HV for use
in EPR; Voltronics Corporation, NJ) were used for the
matching circuits.

As illustrated in Fig. 3, two resonators were aligned
coaxially to accommodate a subject up to 18 mm in diam-
eter. Both resonators were mechanically supported by hol-
low bobbins made of Rexolite� 1422. The electromagnetic
shielding for the MCPGR used in EPR should not interfere
with the time-varying magnetic field gradient for MRI. To
satisfy this requirement, we used a commercially available
printed circuit board (FR-4, Sanhayato Corp., Japan) for
the walls of the shielding case that are perpendicular to
the static magnetic field. This board was made of epoxy
resin with a fiberglass base. One side of the board had been
laminated to a copper layer (16 lm thick). This copper
layer is thick enough to shield electromagnetic waves at
670 MHz, since the skin depth at this frequency is only
2.6 lm in copper. In contrast, this leads to low eddy cur-
rents in the copper layer for the time-varying magnetic field
in MRI.

Fig. 4A shows a photograph of the resonator system
used in our experiments. There are two coaxial connectors
that are input ports for the matching circuits of the
MCPGRs. Fig. 4B also shows a photograph of the internal
configuration of the resonator system. While the MCPGR
for NMR is shown, the internal MCPGR for EPR is not
shown in this photograph. The matching circuit for the
MCPGR used for EPR was located on the upper plate,



Fig. 4. (A) Photograph of the developed composite resonator system, and
(B) its internal configuration.
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and the matching circuit for the MCPGR for NMR was
below that used for EPR. Additional capacitors (CT) are
visible near the parallel-plate capacitor. The shielding case
has two openings. One was used to insert a subject, and the
other was used to insert a hollow bobbin from the outside
of the shielding case. Although this bobbin can be used to
support a coupling loop for the MCPGR for EPR, we did
not use the coupling loop in these experiments.

2.3. Phantom

We used two types of phantom in the experiments.
For the first phantom, a test tube containing 5 mM
4-hydroxy-2,2,6,6-tetramethyl-piperidinooxy (4-hydroxy-
TEMPO) solution was used to measure the distributions
of image intensity for the MCPGRs. The test tube had
an inner diameter of 14 mm and a length of 120 mm. Since
the outer diameter of the test tube was 16 mm, the tube was
wrapped with a thin Teflon sheet to keep it at the center of
the MCPGRs. In the second phantom, five capillary tubes
were used to demonstrate co-registration EPR/NMR imag-
ing. The glass tubes (2.4 mm i.d.) contained distilled water,
and, respectively, 2.5, 5, and 10 mM 4-hydroxy-TEMPO
solution. These tubes were held with a bobbin (18 mm in
diameter) made of Rexolite� 1422, and placed in the center
of the MCPGRs. While distilled water is EPR-silent, 4-hy-
droxy-TEMPO solution is visible in EPRI.

2.4. EPR imager and MRI scanner

The implemented MCPGRs were tested with a home-
built cw-EPR imager (24 mT) at Yamagata University
and a 0.5-T proton-MRI scanner for small animals at Sap-
poro Medical University. The cw-EPR imager used an air-
core Helmholtz coil and gradient coils that generated a
magnetic field gradient in orthogonal directions. Image
reconstruction code for two-dimensional (2D) EPRI was
based on the direct Fourier transform reconstruction
(DFTR) method. The imager and image reconstruction
have been described elsewhere [16]. The parameters for
cw-EPRI with the five capillary tubes were as follows:
applied microwave power 7.6 dBm (5.8 mW), magnetic
field scanning 8 mT, field gradient 50 mT/m, field modula-
tion 0.15 mT, scan time 50 s, number of projections 64,
total acquisition time 53 min, and time constant of the
lock-in amplifier 100 ms. The field-of-view (FOV) was set
to 160 mm in the resultant EPR image. Since the nitroxide
spin probes we used have a triplet signal, we measured an
entire spectrum with magnetic field gradients.

A compact 0.5-T MRI scanner was used to obtain 2D
proton images of a phantom. The MR image was taken
at Sapporo Medical University using a 0.5 T MRmini
(MR Technology, Tsukuba, Japan), and data for MR
imaging were acquired with software developed by MR
Technology. In this study, spin-echo images of a phantom
were recorded using the following parameters: TR 500 ms,
TE 15 ms, FOV 38 · 38 mm, image matrix 256 · 256, NEX
4, slice thickness 3 mm, and imaging time 9 min.

3. Results

3.1. Resonance frequencies and quality factors

Key parameters for the MCPGRs were measured with
and without saline solution (0.3% NaCl). This clarifies
the features of the resonators used. Table 1 summarizes
the quality factors and the resonance frequencies of the res-
onators. The resonance frequency of the MCPGR used in
EPR decreased by 3 MHz when a test tube (16 mm in
diameter) full of saline solution (15 ml) was placed in the



Table 1
Resonance frequencies and quality factors of MCPGRs

Sample Resonance frequency
(MHz)

Quality factor Efficiency
(lT/W1/2)

Empty 0.3% saline Empty 0.3% saline Empty

EPR
resonator

673.5 670.5 112 103 12

NMR
resonator

21.8 21.8 82 82 33

Fig. 5. 2D EPR images and intensity profiles for a test tube filled with
5 mM 4-hydroxy-TEMPO solution. (A) An EPR image in the YZ-plane.
The parameters were as follows: magnetic field scanning 9 mT, field
gradient 50 mT/m, field modulation 0.15 mT, scan time 30 s, number of
projections 32, and time constant 100 ms. (B) An EPR image in the XZ-
plane. The parameters were as follows: magnetic field scanning 8 mT, field
gradient 100 mT/m, field modulation 0.15 mT, scan time 30 s, number of
projections 32, and time constant 100 ms.
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resonator. The quality factor of the resonator with saline
solution fell to 92% of its initial value. In contrast, the qual-
ity factor of the MCPGR used in NMR was very stable
even if it contained a test tube filled with saline solution.
This is because the loss of the electromagnetic waves at
21.8 MHz was significantly lower than that at 670 MHz.
Furthermore, the resonance frequency of the NMR resona-
tor was not affected by saline solution.

The resonance frequency decreased by approximately
10 MHz and the quality factor increased about 10% for
the MCPGR used in EPR when the MCPGR used in
NMR was absent. These results show a shielding effect with
the outer MCPGR. In contrast, the resonance frequency
and quality factor of the MCPGR used in NMR were
robust to the presence of the inner MCPGR.

3.2. RF magnetic field

The efficiency of the MCPGR used in EPR was
12 lT/W1/2, and that used in NMR was 33 lT/W1/2.
For both resonators, the efficiencies of generating RF
magnetic field were measured based on the perturbation
by a metal sphere [17]. In addition to these efficiencies,
we measured the image profiles in EPRI and MRI.
The image profile of an obtained image depends on the
distribution of the magnetic energy density in the sample,
when a uniform 4-hydroxy-TEMPO solution is mea-
sured. Fig. 5 shows EPR images, in the YZ-plane, of
4-hydroxy-TEMPO in a test tube and normalized image
profiles. In Fig. 5A, the image profile has an effective
length (full width at half maximum) of 21 mm along
the axis of the MCPGR. This effective length in the pro-
file was slightly longer than the axial length (18 mm) of
the MCPGR. Fig. 5B shows an EPR image of a cross-
section of the test tube measured in the XZ-plane. The
profile of the signal intensity fluctuated due to the con-
centration of the RF magnetic flux, and this has been
called a lens effect [18]. Even if a uniform solution is
measured, the EPR signal intensity cannot be homoge-
neous with a higher dielectric constant at ultra-high
frequencies.

We also measured proton images with MRI. Fig. 6A
shows a proton image of 4-hydroxy-TEMPO solution in
the YZ-plane (38 · 38 mm) and the normalized image pro-
file in the Y-direction. Since the homogeneous magnetic
fields are within the region of 30 · 30 mm in our MRI scan-
ner, we cannot obtain an appropriate image in the marginal
area of the FOV. Along with the Y-direction, a practically
uniform image was obtained in the MCPGR. Fig. 6B
shows a proton image of the cross-section of the test tube
with 4-hydroxy-TEMPO solution. While a uniform image
profile was obtained in the Z-direction, a peak of the image
profile near the parallel-plate capacitor was observed. As in
the EPR image in Fig. 5B, an inhomogeneous magnetic
field near the parallel-plate capacitor affected the image
profile in MRI [19]. This was caused by the asymmetric
configuration of the MCPGRs. Since the inner diameter
of a measured test tube was 35% of the diameter of the
MCPGR for NMR, the parallel-plate capacitor of the
MCPGR for NMR was 13 mm from the test tube. In



Fig. 6. 2D proton NMR images and intensity profiles for a test tube filled
with 4-hydroxy-TEMPO solution. (A) An NMR image in the YZ-plane,
and (B) an NMR image in the XZ-plane. For both images, the
measurement parameters described in Section 2.4 were used.
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contrast, the distance between the 4-hydroxy-TEMPO
solution and the parallel-plate capacitor of the MCPGR
for EPR was 4 mm in Fig. 6B. Thus, the parallel-plate
capacitor of the MCPGR for EPR could affect the homo-
geneity of the RF magnetic field of the MCPGR for
NMR and the image intensity.

3.3. Co-registration imaging

Images of unpaired electrons and protons were success-
fully obtained with the MCPGRs. Fig. 7A depicts a cross-
section of the phantom. Fig. 7B shows an EPR image of
the phantom, and the three tubes filled with 4-hydroxy-
TEMPO solution were visualized. Since the other two
tubes (distilled water) had no free radicals, those tubes were
not detected in EPRI. While the FOV was set to 160 mm in
data acquisition, this image (40 · 40 mm, 512 · 512 pixels)
was obtained from an image of 160 · 160 mm (2048 · 2048
pixels) that was generated with the zero-filling technique.
Since line-broadening occurred in 10 mM 4-hydroxy-
TEMPO solution, the signal intensity was not proportional
to the concentration. Thus, there was little difference
between the signal intensities for 5 mM and 10 mM
solution. A proton image (38 · 38 mm) was also acquired
with the MCPGR. No significant interference due to the
shielding case was observed. Fig. 7C shows five tubes,
since all tubes are detectable in proton imaging. Since the
relaxation time of protons is different between 4-hydroxy-
TEMPO solution and distilled water, Fig. 7C shows a dif-
ference with the concentration of 4-hydroxy-TEMPO
solution.

Fig. 7D shows a co-registration EPR/NMR image of
a phantom. The EPR image in Fig. 7B was superim-
posed on the proton image in Fig. 7C by visual inspec-
tion. This result demonstrated that our application of
the MCPGRs satisfies the requirements of co-registration
EPR/NMR imaging mentioned in Section 2. The FOV of
the NMR image was fixed in the MRI scanner we used.
In contrast, the FOV of the EPR image can be adjusted
by setting the magnetic field scanning and field gradient.
In our experiments, although the FOVs of the two imag-
es (Figs. 7B and C) were not the same, the images could
be adjusted to the actual FOVs and superimposed. We
used visual inspection to superimpose the two images.
While this method was easy, it was not systematic or
sophisticated. However, since the main purpose of this
study was to verify the concept of the composite resona-
tor system using MCPGRs, the technical issue of auto-
matic image alignment was beyond the scope of this
investigation.

4. Discussion and conclusion

Our MCPGRs make it possible to accommodate a sub-
ject in both imaging modalities. This kind of composite res-
onator system should be useful in co-registration EPR/
NMR imaging, since the geometry between the subject
and the MCPGRs does not change due to movement from
an EPR imager to an MRI scanner, and vice versa. When a
unified EPR/NMR imaging instrument is available, move-
ment between two separate imaging systems is no longer
required.

The image intensity that depends on the RF magnetic
field of the MCPGR was visualized with 4-hydroxy-TEM-
PO solution [20]. When the distribution of the RF magnetic
field is changed, image profiles of a sample will be affected.
While EPR image profiles in Fig. 4 do not necessarily cor-
respond to those in an animal subject, we can easily recog-
nize the sensitive regions of the MCPGRs in the results in
Fig. 4. For the proton images in Fig. 5, these image profiles
would be similar to the magnetic energy distribution in the
MCPGR without a sample. This is because the RF fre-
quency for NMR is lower than that of EPR and leads to
less of a lens effect. Near the parallel-plate capacitor, less
homogeneous image profiles were observed. To achieve



Fig. 7. (A) Capillary phantom containing distilled water and 4-hydroxy-TEMPO solution. The inner diameter of the capillary tubes was 2.4 mm. The
length of the capillary tubes was approximately 60 mm. (B) EPR image of a phantom (40 · 40 mm). (C) Proton NMR image of a phantom (38 · 38 mm).
(D) Co-registration EPR/NMR image.
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uniform sensitivity in a subject, the RF magnetic field
homogeneity must be further improved.

To improve the homogeneity of RF magnetic fields in
the MCPGR used in EPR, there are two possible solutions.
One is to extend the axial length of the MCPGR, which
would lengthen the region of sensitivity. The other is to
use more symmetric topologies for the resonators. For
example, an MCPGR with two- or four-gap structures
could generate a more homogeneous RF magnetic field
than the MCPGR with a parallel-plate capacitor we used
[21]. As well as the physical structure of the resonators,
use of an MCPGR at a lower frequency decreases the lens
effect due to a higher dielectric constant of the subject.
Thus, it could improve the homogeneity of an RF magnetic
field. The effects of eddy currents on image artifacts in an
electrically conductive object have been described by Sueki
and his colleagues [22]. They reported a quantitative anal-
ysis and experiments on non-uniform images in two-dimen-
sional cw-EPR imaging. Their investigations could be
helpful for improving the homogeneity of image intensity
in a subject.

An inner resonator should not interfere with the electro-
magnetic fields of an outer resonator. In our implementa-
tion, since the MCPGR used in EPR has a resonance
frequency of 670 MHz, it does not interfere with the
MCPGR used in NMR at 21.8 MHz. In addition, the
MCPGR interferes less with a time-varying magnetic field
gradient that is perpendicular to the axis of the MCPGR.
Since a conventional LGR surrounds a subject sample by
cylindrical conductive elements, it may disturb a time-vary-
ing magnetic field gradient due to eddy currents in the con-
ductive elements. Like the MCPGR, the conductivity of the
sidewalls of the shielding case is crucial in MRI. If thicker
conductive plates are used for the sidewalls, magnetic field
gradients are not appropriately controlled due to eddy cur-
rents in the conductive plates. To avoid this problem, a
printed circuit board made of epoxy resin on a fiberglass
base was useful because it provided a uniform, thin, con-
ductor as a shield.

A thin copper layer (16 lm thick) can reduce eddy
currents due to magnetic field modulation as well as a
time-varying magnetic field gradient. At the frequency of
magnetic field modulation (90 kHz), the skin depth of cop-
per is calculated to be 0.22 mm. Since the thickness of the
copper layer is 7% of the calculated skin depth, the eddy
currents generated by magnetic field modulation could be
reduced. While we did not measure the eddy currents in
the copper layer, the required amplitude of magnetic field
modulation (0.2 mT) was obtained experimentally. While
we used a uniform copper layer for a printed circuit board,
a pattern of discontinuities for the conductor gives better
penetration of magnetic field modulation. A theoretical
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investigation of eddy currents generated due to magnetic
field modulation has been reported by Mett et al. [23]. This
analysis could be helpful for further improving the shield-
ing case of the composite resonator system.

Even if a 4.7-T MRI scanner for small-animal imaging is
used, its RF frequency is still 200 MHz. The difference in
frequencies between NMR and EPR is 470 MHz when a
670-MHz EPR imager is used. With these frequencies
and the quality factors of the resonators, strong interfer-
ence between the two RF resonators is not expected. How-
ever, with a high-field MRI scanner, e.g., 9 T or higher, the
RF frequencies of EPR and NMR will be close to each
other. This could lead to significant coupling of the resona-
tors. We tested the MCPGR, which has a diameter of
22 mm and a resonance frequency of near 1 GHz (data
not shown) in preliminary experiments. However, the limits
of the resonance frequency were not investigated. The res-
onance frequency depends on the parallel-plate capacitor,
the inductance of individual coils, the number of coils,
and the distance between individual coils. Since the
MCPGR basically consists of the lumped elements, the
dimensions of the elements should be shorter than the
wavelength. This condition may limit the highest frequency
of this configuration.

The efficiency of the MCPGR used in EPR was lower
than that used in NMR, since part of the electromagnetic
energy was stored in the feeding circuit that consisted of
parallel transmission lines. However, a feeding circuit is
useful for keeping the matching network away from the
magnetic field modulation, when the matching circuit is
made of varactor diodes [24]. While we did not use varactor
diodes for the matching circuits of the MCPGRs, these
could help to make electronically tunable functions possi-
ble. Thus, the matching network was located outside the
space in the shielding case that contained the MCPGRs
and a Helmholtz coil pair. This required a certain length
of transmission line to feed the MCPGR used in EPR.
However, further investigations are required on the rela-
tion between the length of the transmission line, the effi-
ciency of generating the RF magnetic field, and circuit
parameters in the matching network. Since the quarter-
wave length coaxial lines and parallel lines are coupled with
the MCPGR used in EPR, the entire RF magnetic energy is
stored in both the MCPGR and the lines. This is why the
efficiency of generating an RF magnetic field was decreased
for the MCPGR used for EPR. The distribution of RF
magnetic energy in the MCPGR and its feeding circuit
can be analyzed by a method described in a report on a
tunable surface-coil-type resonator for L-band EPR spec-
troscopy [25]. An approach to decreasing the stored energy
in the feeding circuit could be useful for improving the effi-
ciency of generating an RF magnetic field.

In co-registration EPR/NMR imaging, the benefits of
our use of two MCPGRs are as follows: (i) RF resonators
can be transferred with the subject from an EPR imager to
an MRI scanner, and vice versa. This helps to avoid chang-
es in the geometry between the subject and the RF resona-
tors. (ii) There is less interference between the shielding
case and the time-varying magnetic field gradient. (iii)
The MCPGRs do not disturb the magnetic field modula-
tion for cw-EPR detection. (iv) The two MCPGRs can be
individually adjusted to the RF frequencies of EPR and
NMR. The resonator system is simple and easy to imple-
ment. The MCPGRs used here are more efficient at gener-
ating an RF magnetic field than the composite resonator
system previously reported [8,9,26]. The MCPGR for
EPR was 2-fold more efficient than the bridged LGR used
in a composite resonator; the MCPGR for NMR was
10-fold more efficient than the solenoidal coil used in a
composite resonator [26]. Although He et al. reported
co-registration EPR/NMR imaging with two separate
instruments and two individual coils for both modalities
[2], the composite resonator system reported in this article
avoids the need for a specially developed sample holder to
ensure position alignment for a subject.

The EPR images of each tube (Fig. 6B) are larger than
their actual physical dimensions. This is because the image
resolution in EPRI is less than that in MRI. A practical
consideration in multimodal imaging is how to superim-
pose the images in different modalities while maintaining
good accuracy. So far, multiple markers have been mea-
sured with a subject to adjust the position of the images
of free radicals and protons. Nevertheless, markers may
no longer be needed, if the geometries of the reconstructed
images in both EPRI and MRI scanners are known in
advance. In this approach, the relation between the subject
animal and the geometry of a reconstructed image must not
change. To make this possible, a composite resonator sys-
tem is indispensable.

The internal diameter of the sample space was 18 mm,
and the bobbin of the capillary phantom (Fig. 7A) was also
18 mm in diameter. Since the phantom just fit the sample
space, the center of the phantom was kept in exactly the
same position. However, rotation of the phantom was set
visually. Although there could be some slight misalignment
in the rotation of the phantom for EPRI and MRI, this was
not necessarily a problem, since this misalignment was
within the resolution of EPR imaging. Our experiments
were intended to verify our concept of a composite resona-
tor system using two MCPGRs for co-registration EPR/
NMR imaging. If an EPR imager and an MRI scanner
were located side-by-side or in adjacent rooms, the position
of the subject animal and the composite resonator system
would not be changed if it was transferred between the
EPR imager and MRI scanner.

OMRI is a useful method for visualizing free radicals in
a subject animal. In a recent report, 14N- and 15N-labeled
nitroxyl radicals were simultaneously imaged by OMRI
[4]. Nevertheless, EPR methods still have some advantages
for investigating rich spectral information in biomedical
applications. For example, spectral-spatial EPRI, a kind
of functional imaging, is a useful technique in situations
that involve multiple chemical species [27–30]. OMRI for
animal experiments uses a lower magnetic field (approxi-
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mately 15 mT for NMR detection) to avoid RF power
deposition in the subject animal [4,5]. This might limit
the spatial resolution of an anatomical image. In contrast,
co-registration EPR/NMR imaging allows the use of a
high-field MRI scanner for small-animal imaging. While
EPRI currently offers less spatial resolution, a combination
of a high-field MRI scanner and an EPR imager is very
attractive to biomedical researchers because high-resolu-
tion anatomical images can be seen with the distribution
of free radicals. When the spatial resolution of EPRI is
improved, high-resolution anatomical images should be
useful for investigating the distribution of free radicals in
biological tissue at a smaller scale.

In conclusion, we have demonstrated the use of two
MCPGRs for co-registration EPR/NMR imaging. There
were no problems with interference between the resonators
used in EPR and NMR. The problem regarding interfer-
ence between the shielding case and time-varying magnetic
field gradients was solved by using printed circuit boards
made of epoxy resin on a fiberglass base. Although we have
described only a co-registration image of a 4-hydroxy-
TEMPO phantom, we believe that the composite resonator
system with two MCPGRs reported here may be useful for
co-registration EPR/NMR imaging in small animals.
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