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This paper describes the development of a surface coil array that consists of two inductively coupled
surface-coil resonators, for use in continuous-wave electron paramagnetic resonance (CW-EPR) imaging
at 760 MHz. To make sequential EPR image acquisition possible, we decoupled the surface coils using
PIN-diode switches, to enable the shifting of the resonators resonance frequency by more than 200 MHz.
To assess the effectiveness of the surface coil array in CW-EPR imaging, two-dimensional images of a solu-
tion of nitroxyl radicals were measured with the developed coil array. Compared to equivalent single coil
acquired images, we found the visualized area to be extended approximately 2-fold when using the surface
coil array. The ability to visualize larger regions of interest through the use of a surface coil array, may offer
great potential in future EPR imaging studies.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction both designed to extend the area of visualization, however there
Electron paramagnetic resonance (EPR) imaging is an important
technique to detect free radicals in subject animals noninvasively
[1]. It is widely recognized that free radicals are associated with
many diseases, such as inflammation and ischemia/reperfusion in-
jury [2,3]. Therefore, the visualization of the distribution of free rad-
icals in small animals is useful to understand the mechanisms of
free-radical-related diseases. In EPR imaging, typically two types of
resonators have been used, namely, volume-coil [4–9] and surface-
coil resonators [10–12]. The dimensions of the coils are small in com-
parison to the wavelength of the operation frequencies of in vivo EPR
spectroscopy and imaging, which typically range from 250 MHz to
1.2 GHz [13,14]. This frequency range is chosen to allow sufficient
penetration in biological tissue, and to minimize tissue heating
due to RF absorption. However this requirement is a compromise
with the need to obtain higher sensitivity, which is generally
achieved with higher microwave frequencies [15]. To overcome
the constraints of resonator size imposed by frequency require-
ments, Petryakov et al. developed a larger surface-coil resonator
with a 1.1 GHz operation frequency, by combining four identical
loop segments [16]. Similarly, phased-array coils have been utilized
in proton magnetic resonance imaging (MRI) [17–19], and applied
clinically for visualization of large regions of interest such as human
spine [20]. However, one of the main obstacles to the use of the ar-
rayed coil design in MRI and EPR imaging, is the need to suppress
the mutual coupling, or inductive interaction of the coils [21].

Preliminary surface coil array designs for continuous-wave
(CW) EPR imaging, are similar to MRI coil arrays in that they are
ll rights reserved.

a).
are a number of fundamental differences between MRI and CW-
EPR scanning techniques, primarily related to the method of signal
detection. As such, in developing surface coil arrays for CW-EPR
imaging, the following considerations must be addressed:

(i) The imaging sample and the resonator(s) are exposed to
magnetic field modulation in CW-EPR detection. MRI does
not use low frequency (�100 kHz) magnetic field modula-
tion. Therefore, decoupling circuits should be situated away
from region of magnetic field modulation to avoid interfer-
ence at low modulation frequencies.

(ii) Since the resonator is constantly driven in CW-EPR imaging,
the microwave carrier frequency or the resonance frequency
of the resonator(s) should be controlled to make the
reflected microwaves from the resonator minimal by a neg-
ative feedback control system.

The goal of our work was to demonstrate the feasibility of the
surface coil array for CW-EPR imaging that can extend the area
of visualization of the surface coils. By shifting the resonance fre-
quency of one of the surface-coil resonators with a PIN-diode
switch, we were able to suppress mutual coupling and extend
the area of visualization of EPR imaging.
2. Methods

2.1. Sequential image acquisition

As illustrated in Fig. 1, the surface coil array consists of two sur-
face-coil resonators and two kinds of switches, i.e., RF coaxial
(919C70100, Transco Products Inc., Camarillo, CA) and PIN-diode
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Fig. 1. Schematic diagram of surface coil array and a CW-EPR spectrometer. (A)
Configuration of two surface coils and an RF coaxial switch. (B) Input signals applied
to an individual surface coil.
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switches. When the PIN-diode switch in the resonator circuit is
turned on, the resonance frequency of the resonator is shifted,
thereby suppressing the mutual coupling due to the difference in
the resonance frequencies of the two circuits. EPR data acquisition
was sequentially performed for each resonator, such that when
obtaining measurements with the first resonator, microwaves
were not fed to the second resonator. This was achieved using
low resistance PIN-diodes, causing a shift in the resonance fre-
quency of the second resonator. After imaging with the first reso-
nator, the process was repeated by connecting the second
resonator to the EPR bridge, allowing images to be acquired with
the second resonator.
Fig. 2. Circuitry diagram of individual surface coil. The PIN-diode switch becomes a lo
Decoupling of the coils is achieved by changing the negative voltage on (�8 V) and off (
2.2. Surface coil array

Fig. 2 shows the configuration of the surface-coil resonator. The
LC resonance circuit was driven through a parallel transmission
line, with a matching circuit using varactor diodes connected in
parallel to the transmission line [22,23]. Frequency adjustment
was achieved by changing the capacitive reactance using varactor
diodes connected in series to the transmission line. The develop-
ment of the resonator was based largely on a previously reported
300 MHz loop resonator [23], with the addition of electronic tuning
and matching control functions, which have previously been used
in CW-EPR spectrometers [8,24–27]. The substrate of the surface
coils was made from copper laminate (DiClad 880, Arlon Inc., Santa
Ana, CA), and for impedance matching, frequency tuning, and PIN-
diode switch circuits, another substrate was used (FR-4, Sunhay-
ato, Tokyo, Japan). The copper laminate on the backside of the sub-
strate of the surface coils was removed, and several coil arrays
were constructed, with a coil inner diameter and width of 7 mm
and 2 mm respectively. The constructed arrays were fixed onto
the substrate, in each case with varying distances between the cen-
ters of two coils ranging from 4 mm to 7 mm, resulting in a partial
overlap of the coils. To assess the characteristics of the surface coil
array when distances between the centers of the coils were greater
than 7 mm, two separately fabricated, non-overlapping coils were
used. To electrically insulate the coils from each other, polytetra-
fluoroethylene sheets were inserted into the overlapping regions.
The non-magnetic chip capacitors (11-2R2-C-1000-S for 2.2 pF,
11-4R7-C-1000-S for 4.7 pF, Voltronics, Denville, NJ) were used in
the tuning and impedance matching circuit to prevent the effect
of magnetic field modulation. When the surface coils are exposed
to magnetic field modulation, an electromotive force (emf) is gen-
erated at the frequency of field modulation. If the emf is trans-
ferred to the tuning and matching circuits through the coaxial
transmission lines, the reverse-bias voltage applied to the varactor
diodes is modulated at the frequency of field modulation and it
leads to a shift in the resonance frequency and the reflection of
the incident microwaves at the resonator. This effect causes a shift
in the baseline of detected EPR spectra. To prevent this unwanted
effect of magnetic field modulation, we connected low value capac-
itors (2.2 pF) in series between the transmission lines and the var-
actor diodes. Because these capacitors have large impedance at the
frequency of field modulation (90 kHz), the emf due to magnetic
field modulation cannot be transferred to the varactor diodes.
w-impedance when the negative voltage (�8 V) is applied to the control port VS.
0 V).



Fig. 3. Photographs of surface coils (A) and whole structure of the prototype coil array (B).

Fig. 4. Diagram of voltage adjustment circuits. (A) Block diagram of the adjustment
for tuning and matching control voltages. (B) Voltage adjustment circuit for
frequency tuning.
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To adjust the tuning and impedance matching electronically,
varactor diodes (1SV217 for the tuning circuit, 1SV245 for the
matching circuit, Toshiba, Tokyo, Japan) were used in both the tun-
ing and matching circuits. For adjustment of impedance matching,
the reverse-bias voltage applied to the varactor diodes was chan-
ged. The resonance frequencies of the resonators were adjusted
to the microwave carrier frequency, where the adjustable range
of the resonance frequency of the resonator was approximately
8 MHz. PIN-diodes (BAP64-03, Royal Philips Electronics, Nether-
land) were used for shifting the resonance frequency of the resona-
tor to decouple the surface coils. By placing PIN-diodes between
the coaxial lines (Fig. 2) and applying a negative voltage, the trans-
mission line was shorted due to the low resistance of the PIN-
diodes. Thus, the resonance frequency of the resonator was signif-
icantly altered due to the change in resonance circuit properties.
The parallel transmission line and the half-wave line balun were
made from semi-rigid coaxial cables (3.6 mm in diameter and
characteristic impedance of 50 X, SX-36, Sanken Corp., Tokyo, Ja-
pan). The return loss and the quality factor of each resonator were
measured with a network analyzer (E5062A, Agilent Technologies,
Palo Alto, CA) to check the operation of the surface coil array.

In Fig. 3A and B, the two coils and the complete resonator con-
struction are pictured respectively. Each coil was connected to the
end of the transmission line. The frequency tuning and impedance
matching circuits were encased in copper housing to prevent inter-
ference due to magnetic field modulation, and aluminum plates
were inserted into the gap of the resonators to adjust the distance
between the coils. The entire length of the resonators including the
shielding box was 236 mm. Since the diameter of the coils for mag-
netic field modulation was 100 mm and the length of the transmis-
sion line (half-wave line) was 126 mm, the copper shielding case
was a sufficient distance from the region of magnetic field modu-
lation and outside of the static magnetic field, thus avoiding prob-
lems associated with the generation of eddy currents.
Fig. 5. Typical scattering-matrix parameter S11 for an individual surface-coil
resonator when the PIN-diode switch was off and on.
2.3. Frequency and impedance matching adjustment

To make sequential measurements easier, impedance matching
and frequency tuning of the individual resonators were adjusted in
advance. The resonance frequencies of the resonators have to be
tuned in the lock-in range of automatic tuning control (ATC). How-
ever, it is difficult to make multiple resonators with identical char-
acteristics. Since the ATC system can adjust only one resonator, we
built an electrical circuit that selects the resonator being adjusted
in terms of its frequency and impedance matching. Fig. 4A illus-
trates a block diagram of the electrical circuits of the frequency
and impedance matching adjustment, while in Fig. 4B the sum-
ming amplifier used for the frequency tuning of the resonators is
schematically shown. On the right side of the summing amplifier,
we employed a compensator (lag-lead filter) to prevent the un-
wanted oscillation of the feedback loop in ATC [28]. Before the
measurements, the impedance matching of each resonator was ad-
justed to the 50-X coaxial line connected to the EPR bridge.

2.4. EPR imager and image reconstruction

A previously reported laboratory-built 750-MHz CW-EPR ima-
ger [29,30] was used in the experiments, consisting of a set of 3D
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field gradient coils, with a 60 mm gap between the two magnets.
We used a Helmholtz coil pair with a 50 mm gap as a modulation
coil and placed it between the magnets. After acquiring EPR spectra
with both resonators, two-dimensional (2D) images were individ-
ually reconstructed on the basis of the filtered back-projection
algorithm [31], and the reconstructed images were combined to
form the final image using the ‘‘Add’’ function of ImageJ software
(National Institutes of Health, Bethesda, MD) [32].
Fig. 6. Typical scattering-matrix parameter S11 for one of the two resonators in the
surface coil array when the PIN-diode switch was off (A) and on (B).
2.5. Phantom imaging

To investigate the area of visualization of the surface coil array,
we measured 2D EPR images of a glass cell phantom
(10 � 10 � 45 mm) filled with 4.5 mL of a solution of 1 mM 4-hy-
droxy-2,2,6,6-tetramethylpiperidine-d17-1-15N-oxyl (TEMPOL-
d17-15N). The distance between the centers of two coils was varied
from 4 mm to 7 mm, with a field-of-view (FOV) set to 40 mm. The
parameters for EPR imaging were as follows: scanning field 2.0 mT,
magnetic field gradient 50 mT/m, magnetic field modulation
0.15 mT, modulation frequency 90 kHz, scan time 1.0 s, time con-
stant 0.3 ms, applied microwave power 20 mW, number of projec-
tions 32, with five averages, giving a total image acquisition time of
3 min.
Fig. 7. A shift in the resonance frequencies for (A) inductively coupled surface coil
and (B) decoupled surface coil. For dual-peak resonance, the frequencies of upper
peak (closed circle) and lower peak (open circle) are plotted as a function of the
distance between the centers of the coils in (A). For the decoupled coil, a single peak
of resonance appeared, and its resonance frequency was plotted in (B).
3. Results

3.1. Decoupling of coils

Fig. 5 shows the characteristics of return loss (scattering-matrix
parameter S11) measured for an individual surface-coil resonator
when the PIN-diode switch was off and on. As shown in Fig. 5,
the resonance frequency of the resonator was shifted from
760 MHz to 1.01 GHz when the PIN-diode switch was turned on
(the status of low resistance). When the resonance frequencies of
the two coils are significantly different from each other, the imped-
ance of the each coil in a non-resonant condition is sufficiently
high enough that minimal interaction between the two resonant
circuits occurs, even if the two coils are situated in close proximity
to each other. This is the basis by which the PIN-diode switch is
used to decouple the surface coils.

Fig. 6 shows the typical traces of the return loss of an individual
surface coil. As shown in Fig. 6A, when the PIN-diode switch of one
of two resonators was off, dual-peak resonance appeared, due to
the effect of mutual coupling between two coils. Whereas the res-
onance frequency of the coil that was not driven by the EPR bridge,
was shifted more than 200 MHz when the PIN-diode switch of one
of two resonators was on, giving a single resonance peak as shown
in Fig. 6B. This result demonstrates the effectiveness of using the
PIN-diode switch (Fig. 2) for the suppression of mutual coupling.

Fig. 7A and B shows the characteristics of the resonance peaks
when the distance between the centers of the two coils was varied
in a lateral direction (the X-direction in Fig. 3A), with the resonance
frequency of the resonators set to 760 MHz, for PIN-diode off and
on conditions respectively. As shown in Fig. 7A, under the presence
of the mutual coupling, the dual-peak resonance appeared and the
frequencies of their peaks deviated away from 760 MHz. When the
distance between the two coils was closer, the difference in the fre-
quencies of their peaks was larger. The emf generated is propor-
tional to the rate of change of the magnetic flux (Faraday’s law).
When the distance between the two coils was increased, the flux
through the coil became smaller, resulting in a smaller motional
emf and therefore less mutual inductance between the two coils.
Because the frequency response curve of inductively coupled reso-
nance circuits (i.e., transformer coupling circuits) depends on the
amount of coupling [33], the frequencies of the dual-peak response
vary as a function of the distance between the two coils. However,
when the distance between the centers of the coils was 7 mm, the
resonance peaks appeared at the same frequency, suggesting an
apparent absence of mutual coupling. When positioned at this spe-
cific distance, the mutual inductance of the adjacent coils becomes
zero, thereby eliminating the problem of dual-peak resonance for
the inductively coupled resonant circuits [17]. This result is consis-
tent with previous work in NMR array coils. On the other hand, as
shown in Fig. 7B, when the PIN-diode switch was on and the mu-
tual coupling was suppressed, the single resonance peak appeared
close to the resonance frequency of 760 MHz, irrespective of the



Table 1
Quality factor of individual surface-coil resonators.

Distance between coils [mm] Quality factor

Resonator 1 Resonator 2

4 102 100
5 110 105
6 111 107
7 110 104
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distance between the coils with a maximum frequency difference
less than 15 MHz, which decreased as the distance between the
coils was increased. Table 1 lists the unloaded quality factors of
the resonators. The voltage of frequency tuning was set to 8 V,
when those parameters were measured.

3.2. Images measured with surface coil array

To investigate the area of visualization of the surface coil array,
we measured a glass cell phantom (Fig. 8A). Fig. 8B shows 2D EPR
images of the phantom, acquired with a single coil in XY- and XZ-
planes. Fig. 8C and D shows the combined EPR images measured
with the surface coil array, with varying distances between centers
of the coils. When the distance between the centers of two coils
was 7 mm, the distribution of signal intensity was not uniform in
both planes. When the distance of coils was greater than 7 mm,
the area of visualization was split into two areas that correspond
to two non-overlapping coils. In the XZ-plane, the area of visualiza-
tion was approximately equal to the inner area of the coils, with
signal intensity enhancement near the center of each image due
to the lens effect [34,35]. The images in the XY-plane show the sen-
sitivity of depth to be approximately 3 mm in each distance.
4. Discussion

The experimental results showed that the surface coil array
could extend the area of visualization in CW-EPR imaging. The area
of visualization with the surface coil array was extended approxi-
mately 2-fold in comparison to that of a conventional surface coil.
In our experimental results, a drop in the signal intensity of the EPR
image in Fig. 8C and D was observed when the distance between
the centers of two coils was 7 mm. This is because the area of visu-
alization for each coil is limited. If there is no overlapping area of
visualization in the array coil system, we cannot obtain a continu-
ous area of visualization between the two coils. Although the
microwave characteristics of the medium surrounding the coils af-
Fig. 8. EPR images of nitroxyl radicals measured with a surface coil array. (A) Photogr
solution. (B) 2D EPR images measured with a single surface coil. Measured 2D EPR images
between the centers of the coils was changed. The surface coil array was placed on the
fects the RF magnetic field distribution, the results in Fig. 8 demon-
strate the feasibility of the surface coil array in CW-EPR imaging.

One of the important technical issues regarding the surface coil
array was decoupling of the coils. The PIN-diode switches in the
resonators could suppress the mutual coupling of the coils. How-
ever, the resonance frequency was slightly shifted when the PIN-
diode switch was turned on, because the mutual coupling of coils
could not be removed completely. Decoupling techniques of coil
arrays have previously been investigated in MRI [36,37], and
although modern MRI methods are based on a pulsed protocol,
knowledge of decoupling techniques regarding coil arrays can also
be applied in CW-EPR imaging. This may become increasingly rel-
evant for future work, where decoupling techniques for an in-
creased number of coils will be a key technical challenge.

A shift in the resonance frequency of more than 200 MHz was
observed when using our surface coil array with the PIN-diode
switch was on. Since this shift in the frequency was enough to
decouple the coils, the dual-peak resonance disappeared, as illus-
trated in Fig. 6A and B. Similarly, Yokoyama investigated the
twin-loop resonator system at 245 MHz [38]. While dual-peak res-
onance appeared in the two-loop resonator system, it was sup-
pressed with a combination of a phase shifter and a power
combiner. Two coils were excited together in the twin resonator
system.

When the area of visualization was extended, the signal-to-
noise ratios of the reconstructed images were not sacrificed regard-
less of the position of the surface coils. This is because the data
acquisition of EPR spectra under magnetic field gradients was per-
formed with each coil sequentially, and the effect of mutual cou-
pling between the two coils was suppressed by shifting the
resonance frequency of the resonator, which was not fed. Thus,
the signal-to-noise ratios of the obtained images depend on the
sensitivity of each resonator. In our experimental setup, the effi-
ciency of each resonator in generating RF magnetic fields was sim-
ilar to that of a conventional, single surface-coil resonator.

In future work, the following technical issues regarding the use
of the surface coil array in CW-EPR imaging will need to be ad-
dressed: (i) The variation of the resonance frequencies of individ-
ual resonators should be less than several MHz. This was
constrained with the characteristics of ATC. In our preliminary
experiments, we could not perform measurements when the dif-
ference in resonator frequencies was greater than 5 MHz, because
each resonator could not be tuned to the microwave carrier fre-
quency. (ii) Bulky shielding cases should be re-designed to accom-
modate a set of tuning and matching circuits for a number of
surface coils.
aph of the glass cell used as a phantom. It was filled with 1 mM TEMPOL-d17-15N
with the surface coil array in the XY-plane (C) and the XZ-plane (D). The distance (L)
glass cell filled with a solution of 1 mM TEMPOL-d17-15N.
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5. Conclusions

We demonstrated the feasibility of using a surface coil array in
CW-EPR imaging. Our prototype showed good suppression of the
mutual coupling of the coils in CW-ERP detection. Our results high-
light fundamental characteristics of the surface coil array in CW-
EPR imaging, in particular the increased region of visualization that
is attainable when compared to conventional surface coils, which
may be particularly beneficial for the imaging of free radical distri-
bution in small animals.
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