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a b s t r a c t

A four-loop segmented surface coil resonator (SSCR) with electronic frequency and coupling adjustments
was constructed with 18 mm aperture and loading capability suitable for in vivo Electron Paramagnetic
Resonance (EPR) spectroscopy and imaging applications at L-band. Increased sample volume and loading
capability were achieved by employing a multi-loop three-dimensional surface coil structure. Symmetri-
cal design of the resonator with coupling to each loop resulted in high homogeneity of RF magnetic field.
Parallel loops were coupled to the feeder cable via balancing circuitry containing varactor diodes for elec-
tronic coupling and tuning over a wide range of loading conditions. Manually adjusted high Q trimmer
capacitors were used for initial tuning with subsequent tuning electronically controlled using varactor
diodes. This design provides transparency and homogeneity of magnetic field modulation in the sample
volume, while matching components are shielded to minimize interference with modulation and ambi-
ent RF fields. It can accommodate lossy samples up to 90% of its aperture with high homogeneity of RF
and modulation magnetic fields and can function as a surface loop or a slice volume resonator. Along with
an outer coaxial NMR surface coil, the SSCR enabled EPR/NMR co-imaging of paramagnetic probes in liv-
ing rats to a depth of 20 mm.

Published by Elsevier Inc.
1. Introduction

Increasing interest in application of EPR spectroscopy and
imaging techniques for the study of the kinetics and spatial distri-
bution of free radicals and oxygen in in vivo biological tissues and
animals has generated a great demand for development of EPR
sample resonators capable of accommodating large lossy biologi-
cal samples [1–8]. The need to achieve the highest sensitivity in
the presence of motional noise from breathing and animal move-
ments necessitated the development of resonators with active
compensation of frequency and coupling by employing circuitry
for Automatic Tuning Control (ATC) and Automatic Coupling Con-
trol (ACC). Surface coil resonators (SCR) with ATC and ACC utiliz-
ing electric coupling circuit designs have been extensively
researched and developed [9–11]. These can be used with the
sample placed enface as surface resonators or with sample placed
within the loop as a slice selective volume resonator. These em-
ploy electric coupling circuits of symmetrical design allowing
the widest range of frequency and coupling adjustment by means
of voltage adjustment applied to corresponding varactor diodes.
In practical applications of such resonators for in vivo EPR spec-
troscopy and imaging, high-level compensation of motional noise
Inc.

).
was achieved [9–11]. However, this design has certain limitations.
In order to perform EPR measurements on larger animals and hu-
mans, further development and improvements in surface coil or
volume coil resonator design are required to address several crit-
ical needs. These include:

1. The need to accommodate larger samples. Surface coil resona-
tors currently available for use in L-band (typically around
1.2 GHz) are limited to useful apertures of less than 10 mm
[1,7,12–14]. The diameter for conventional single loop surface
coils is limited by frequency to about one quarter wave length
in the conductor [7].

2. The need for increased depth of field penetration within the sam-
ple. Current L-band SCRs are limited to about 2–3 mm depth of RF
field penetration [4,8,9,11,13,15]; for larger in vivo applications
there is a need for measurements on deeper structures.

3. The need for improvement of the homogeneity of B1 field distri-
bution. A single loop resonator has an inherent asymmetric field
distribution, since the electric field is concentrated near the
ends of the loop [13]. A multi-loop resonator design has the
potential to overcome these limitations.

Constructing the surface loop resonator with increased aperture
raises several problems which must be overcome including:
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1. The need for enhanced mechanical stability to suppress micro-
phonic noise. With the increased dimensions of a multi-loop
resonator, enhanced mechanical and vibrational stability is
required.

2. The need to maximize modulation field homogeneity. Though
the surface loop design is inherently transparent to field modu-
lation, further improvements are required to maximize modula-
tion field homogeneity and minimize direct coupling of the loop
to the modulation field.

3. The need for enhanced coupling efficiency and stability at
higher applied power. The increased volume of lossy samples
requires a proportional increase in applied power, necessitating
enhancements in coupling efficiency and stability of the auto-
matic tuning and coupling circuits.

The four-loop segmented surface coil resonator (SSCR) and cou-
pling circuit described below was developed to address these con-
cerns and circumvent these limitations.
Fig. 1. General design concept and photograph of the segmented surface coil
resonator (SSCR). Four-loop design is shown. In Fig. 1A, the top drawing shows the
resonator loops and feeding lines with glass-epoxy composite frame and the lower
drawing a view of the resonator from opposite side without the composite frame.
(a) Segment of the resonator loop formed by removing the shield from the middle
section of 50 X semi-ridged coaxial cable. (b) Feeding lines of the loop segment (a).
(c) Structural frame. (d) Contact of the resonator loop. (B) The photo of the four-loop
SSCR. The resonator is shown with coupling circuit enclosure (e) attached. (c)
Structural frame; (f) electronic coupling control input; (g) manual coupling control
screw; (h) RF feeding cable; (i) electronic tuning control input; (e) enclosure for
coupling circuit. Of note, while the proposed structure of the loop was circular, with
the limited deformability of the semi rigid coaxial cable used, the arrangement of
the four loops as seen in (B) appears square.
2. Resonator design

To overcome the inherent size limitations of the single loop
coaxial cable resonator, a novel multi loop coaxial cable surface
resonator was developed and tested. The general concept of this
resonator is schematically shown in Fig. 1 (a four-segment resona-
tor is shown). The inductive loop of this resonator is formed by four
identical loop segments (a) connected in series with respect to RF
current in the loop. This allows increasing the diameter of the
resulting loop. In principal, the number of loop segments may be
increased to attain larger diameter at a given frequency. This num-
ber must be even for symmetry of the resonator circuit with re-
spect to the signal ground. An additional benefit of this design is
its greater mechanical stability than a conventional single loop res-
onator whose rigidity is based only on a single pair of semi-rigid
coaxial cables [10]. Implementation of the three-dimensional SSCR
design results in enhanced rigidity and reduced susceptibility to
acoustical/vibrational interference from living animals or external
sources.

The identical loops formed by conductors ‘‘a” and ‘‘b” are con-
nected in parallel with respect to the coupling circuit. Fig. 2 shows
the schematics of the resonator with coupling circuit. Four seg-
ments of the loop are comprised of four identical elements shaped
from 50-X semi-rigid coaxial cable. (Micro-Coax - UT-141C PTFE
non-magnetic cable with copper jacket and center conductor; out-
er diameter 3.6 mm, center conductor diameter 0.9 mm.) For each
element the outer coaxial shield was removed in the center region
at 23 mm length (element ‘‘a” at Fig. 1A). The original Teflon dielec-
tric around the unshielded sections was left intact in order to pre-
vent a contact of the wire with the sample and avoid potential
contamination. The equal lengths of the cables on both sides of
the exposed center conductor are 110 mm each. The lengths are
such that each element forms a 3/4 wavelength resonance circuit
with serially connected capacitors at the resonance frequency of
the resonator, approximately 1.1 GHz. Final coaxial sections length
adjustments were performed to achieve the exact desired fre-
quency. Combined together, the four elements resonate at this fre-
quency and form a loop of �20 mm in diameter with usable
diameter of 18 mm. The resulting structure was integrated within
a glass epoxy composite body (element ‘‘c” in Fig. 1). The thin silver
conducting coating was applied to the body to provide RF shielding
while being transparent to the modulation frequency magnetic
field. The hardened epoxy resin has high dielectric loss coefficient,
and silver metallization was used to prevent RF electric field pen-
etration into its volume and degradation of the resonator Q-factor
due to dielectric losses in the epoxy volume.
By carefully designing the resonator structure in a way that no
short circuits with respect to the modulation field exist, we have
achieved ‘‘transparency” and homogeneity of the modulation field.
The plane of the surface loop is perpendicular to the vector of the
modulation field, and this minimizes modulation field distortion
and coupling interferences with individual loops of the resonator.
To further decrease these interferences each individual loop is con-
nected to the balun through 1 pF capacitors (see Fig. 2). This
arrangement serves as a high-pass filter and suppresses penetra-
tion of the field modulation frequency signal into the RF signal
path.

In addition, by preventing the induction of eddy currents,
the problems stemming from eddy current heating and vibra-
tions caused by electro-mechanical coupling are largely
suppressed.

This multi-loop coaxial cable resonator is conceptually analo-
gous to multi-gap loop-gap resonator designs. Field homogeneity
and EPR signal to noise ratio analysis has been analyzed by Pias-



Fig. 2. Simplified equivalent diagram of matching circuit of the surface coil four-loop resonator. Changing of the capacitance of the variable capacitor allows initial matching
of the input impedance to the characteristic impedance of the 50 X coaxial cable. Fine coupling and tuning is performed by changing capacitances of the corresponding
varactor diodes.
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ecki et al. for multi-gap loop-gap resonators [12]. It was shown
that a proportional gain in signal intensity and homogeneity
can be obtained as a function of number of gaps for lossy
samples.

The coupling circuit used with this resonator uses electric cou-
pling with varactor tuning and coupling provisions similar to the
design reported by Hirata et al. [8,9]. Non-magnetic Silicon varac-
tors (Infineon BB833) with 0.75–9.3 pF range of capacitance adjust-
ment over 1–28 V control voltage range were employed. Parallel
multi-feeder coupling allowed significant increase in loading capa-
bility necessary for achieving near-critical coupling to large lossy
samples. In addition, the high symmetry of this coupling arrange-
ment improves the homogeneity of the B1 distribution of the reso-
nator loaded with the lossy sample. In the present resonator, this
design is modified to match four loops with the insertion of eight
1 pF capacitors as shown in Fig. 2.

3. Resonance frequency and dimensions

The equation for the resonator frequency is as follows:

x ¼ 1=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
LsumCsum

p

where
� Lsum = L * N,

� L – inductance of the each loop (in general case with mutual
inductance taken into account),
� L ¼ Li þM; Li – Inductance of the individual loop,
� M – mutual inductance,
� C – capacitance of the individual gap,
� N – number of loops,
� Csum = C/N.

This allows us to estimate the physical parameters of the resonator
for a given frequency and number of loops.

The described segmented surface coil resonator design utilized
four identical series connected segments. The capacitance of the
individual gap is determined by the length of the shielded part of
the coaxial cable. In our case, a 50 X cable has 1 pF capacitance
per 10 mm length at 1.1 GHz frequency. So, to obtain 0.96 pF
capacitance we took 9.6 mm length. This resulted in 0.48 pF capac-
itance for each gap as two cables connected in series. The addition
of a coaxial cable feeding line equal to one half wavelength for
phase inversion did not change the resonance frequency.

Equivalent inductance is determined by the geometry of the gap
area, which was approximated as square consisting of four straight
conductors 19 mm long and separated at the corners by 2.12 mm
with L = 0.174 lH [16].

Final coaxial section lengths and capacitor values adjustments
were performed to achieve the desired resonance frequency. We
did not calculate the Q-factor since it may have a greater margin
of error due to multiple factors not considered in the lumped cir-
cuit model such as radiation losses.
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4. Testing and results

Sensitivity profile (B1 field distribution) of surface resonators
was considered in [9]. RF magnetic field magnitude decreases
exponentially as function of the distance from the plane of resona-
tor loop. In the 4.5 mm diameter single loop resonator described in
[13], the practical limit for distance from the plane of resonator
surface is reported to be about 3 mm.

We have measured the absolute intensity of the B1 field distri-
bution as a function of distance from the plane of the resonator
surface utilizing a small (3.3 mm diameter) brass sphere using per-
turbing spheres method [17]. The measurement of B1 field distri-
bution was performed in the resonator loaded with 40 mm
diameter cylinder filled with 0.5 mm glass spheres. Voids between
glass spheres were filled with saline solution. This phantom simu-
lates tissue load and allowed free positioning of the brass sphere.
The brass sphere was cemented to a quartz rod and its position
was controlled by a micro positioning device.

For sensitivity comparison purposes similar measurements
were performed using an 8-mm commercial surface coil. Direct
sensitivity comparison with the single loop resonator is not feasi-
ble on samples larger or deeper than the loop diameter because
single loop resonator can not accommodate or fully cover these lar-
ger volumes. The 8 mm commercial surface coil resonator manu-
factured by Magnetech, GmbH is the closest coil for comparison
available to us capable of coupling to the surface of a large lossy
sample at this frequency. Frequency shift was monitored using
an Agilent 8719ES vector network analyzer at 3.2 mW power.

The measurement results are shown in Fig. 3. Compared to the
SSCR, the B1 field distribution shows stronger B1 field for the
Magnetech resonator at distances smaller than 5 mm from the coil
plane. However, at distances more than 5 mm, SSCR demonstrates
stronger B1 field and outperforms the single loop gap resonator.
From Fig. 3, one can envision that the commercial resonator may
have better sensitivity at distance less than 5 mm from the plane
of the loop. However, at bigger distances the SSCR will outperform
it. It should be noted that the magnitude of B1 field at a point does
not serve as an effective criteria of the overall resonator efficiency.
Instead, we propose that a better criterion for comparing resonator
efficiency of different design and size should include an integral of
B1 over the active volume of the resonator. Also, given sample
properties will influence the individual sensitivity.

The microwave properties of the resonator were measured
using Agilent 8719ES S Parameter Network Analyzer. The Q-factor
Fig. 3. Drop off of the B1 field from the center of the SSCR versus distance from the
resonator plane (open circles). Measurements were performed using a 3.3-mm
diameter brass sphere. For comparison, similar measurements were performed for a
conventional single loop surface-coil resonator, 8-mm Magnetech resonator (solid
circles).
of the empty critically coupled resonator was 300. The Q-factor of
the resonator with an 18-mm diameter cylindrical bottle, 40 mm
length, filled with water, inserted into the center of resonator
dropped to 120. The same amount of Dulbecco’s phosphate-buf-
fered saline 50% solution sample or 100% normal Dulbecco’s phos-
phate-buffered sample saline decreased the Q to 55 or 50,
correspondingly. It is important that the resonator allowed critical
coupling even with lossy samples of considerable volume.

In order to assess the applicability of the resonator for slice
selective experiments and plane selectivity, a phantom assembly
consisting of a 20-mm long cluster of 86 capillary glass tubes
(cut out of 100 lL glass pipettes ID = 1.1 mm, OD = 1.7 mm) bound
together into a octagonal shape was constructed. The tubes were
filled with 1 mM solution of TEMPONE (2,2,6,6-tetramethyl-4-
Fig. 4. (A) Middle slice of 3D EPR image of the phantom consisting of 86 capillary
tubes of 1.1 mm inner/1.7 mm outer diameter filled with 1 mM TEMPONE used for
RF field homogeneity assessment. The parameters used for the EPRI acquisition
were as follows: frequency 1.1 GHz, microwave power �200 mW, modulation
amplitude 0.05 mT at 100 kHz, scan width 2.4 mT field gradient 0.1 T/m, scan time
9.1 s, 46 � 46 projections, field of view 24 � 24 � 24 mm, reconstruction size
128 � 128 � 128 voxels, slice thickness 0.19 mm. (B) 2D image of the same
phantom. The parameters used for the EPRI acquisition were as follows: frequency
1.1 GHz, microwave power 200 mW, modulation amplitude 0.044 mT at 100 kHz,
scan width 2.4 mT, field gradient 0.1 T/m, scan time 5.5 s, 512 projections, field of
view 24 � 24 mm.
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oxopiperidine-1-oxyl), spin probe commonly used for biological
applications [2,18,19]. This phantom allowed testing the sensitiv-
ity and homogeneity of B1 field distribution in the plane of the res-
onator coil with these small discrete sample tubes (Fig. 4).

The usable volume of the SSCR together with homogeneity of
the EPR signal intensity over the surface of the four-loop SSCR that
is critical for topical applications was evaluated with three-dimen-
sional spatial imaging [15]. To assist evaluation, a special phantom
was constructed. The phantom was a 40-mm outer diameter cylin-
der with flat 0.5 mm thick bottom end surface, providing a mini-
mum 0.5 mm separation between phantom liquid and the
resonator. This end surface thickness simulates the distance be-
tween resonator and subject tissue typically used in open chest
heart measurements [20]. The cylinder was filled with 100 lM
solution of TEMPONE (0.06 mT linewidth) in saline. The concentra-
tion was chosen in order demonstrate sensitivity in potential
in vivo experiments. Image reconstruction was performed as previ-
ously described [21,22]. The size of the phantom exceeded the ac-
tive volume of the resonator and, thus the obtained images
represented the active volume of the resonator. Vertical and hori-
zontal slices of a three-dimensional image of this quasi-infinite
sample positioned on the surface of the resonator are shown in
Fig. 5A. B1 field profiles obtained from images confirm good signal
distribution in the XY plane (Fig. 5A) as well as about 10 mm pen-
etration along the Z-direction (Fig. 5B). Usable volume is defined as
volume where signal was above noise threshold. Volume with les-
ser intensity was zeroed.
Fig. 5. Left: slices of 3D EPR image of the flat bottom tube filled with 100 lM TEMPONE so
of 30 mm and its bottom was placed on the surface of the resonator. Right: profiles of B1 fi
the image. (B) Horizontal slice 1 mm above the bottom of the tube. The parameters us
�300 mW, modulation amplitude 0.05 mT at 100 kHz, field gradient 0.05 T/m, scan tim
Comparison of signal distribution between Figs. 4 and 5 demon-
strates quite different pattern. For the images shown in Fig. 4, the
signal seems to increase with the position moving near the resona-
tor loop. However, from the image shown in Fig. 5A, higher inten-
sities are observed toward the center of the resonator loop. These
variations are the result of the effect of the sample structure on
the microwave field distribution. This effect is observed when
the size of the sample is comparable with the microwave wave-
length in the sample. Homogeneous load with high dielectric con-
stant tends to ‘‘concentrate” the magnetic field resulting in higher
concentrations observed around the center of the resonator loop.
This effect is much less noticeable with the dispersed load of the
discrete capillary tubes.

To evaluate the applicability of the resonator for in vivo applica-
tions, images of rats injected i.p. with a paramagnetic charcoal
oximetry probe suspension were performed. Female rats of about
250 g weight were obtained from Charles River Laboratories (Wil-
mington, MA). All measurements were performed under ketamine/
xylazine anesthesia (200 mg/kg and 4 mg/kg, respectively, i.p.). The
anesthesia was maintained for a period of�1 h – enough to acquire
a series of EPRI and proton MRI images. The rats were prepared by
injecting of 1.5 cc of suspension of the charcoal EPR probe (Acti-
vated Carbon, Darco� KB-B, �100) in 1:10 proportion by weight
with aqueous solution of 5% glucose. Imaging was performed on
the EPR/NMR co-imaging system with modified resonator setup
[23]. The SSCR was positioned coaxially in the plane of the MRI coil
to exclude the need for the moving stage previously required for
lution (linewidth 0.06 mT) in normal saline. The 26 mm tube was filled to the height
eld calculated from corresponding slice of the EPR image. (A) Central vertical slice of
ed for the EPRI acquisition were as follows: frequency 1.1 GHz, microwave power
e 2.6 s, 32 � 32 projections, scan width 1.5 mT.
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positioning separate EPRI/MRI resonators. The rat was placed on its
side and the resonator was placed over the abdomen in the region
of the injection. This arrangement allowed efficient coupling with
both EPR and NMR resonators on the living rat. Resultant EPR/
MRI images demonstrate that the SSCR allows mapping of para-
magnetic density up to 20 mm in tissue depth (Fig. 6).

5. Summary and conclusions

A four-loop segmented surface coil resonator (SSCR) design
with loop diameter of 20 mm and increased aperture, for EPR spec-
troscopy and imaging of biological samples at 1.1 GHz was de-
signed and constructed. This resonator has greater depth of
penetration than conventional single loop resonators, for this fre-
quency and it allows detection from deeper layers up to 20 mm
in tissue depth. The resonator has good RF magnetic field homoge-
neity that was achieved by symmetrical multi-loop geometry. Both
mechanical and electrical designs of the resonator provide high
transparency and uniformity for magnetic modulation field, as well
as mechanical rigidity. The design provides high sensitivity, ease of
sample access, excellent electrical stability, and good B1 field
Fig. 6. Slices of 3D EPR images from a live rat injected i.p. with paramagnetic
charcoal suspension (rendered in hot metal color scale) shown fused with proton
MRI (rendered in gray scale). The images show the rat positioned with head at
bottom. (A) Sagital slice, (B) coronal slice and (C). White outline shows approximate
position of the SSCR on the surface of the rat, gray outline shows NMR coil (see A
and C). The MRI data was acquired, using gradient echo pulse sequence with the
following parameters: 12.5 kHz bandwidth, matrix 128 � 128 � 128, repetition
time TR = 230 ms, echo delay time TE = 13 ms, number of excitations (NEX) = 1, field
of view (FOV) in plane 80 � 80 mm, FOV in slice direction 80 mm (transverse slice
thickness of 0.625 mm), flip angle 90 degrees. Total acquisition time was 32 min.
The parameters used for the EPRI acquisition were as follows: frequency 1.075 GHz,
microwave power 300 mW, modulation amplitude 0.16 mT, scan width 8 mT, field
gradient 0.1 T/m along all directions, projection number 24 � 24, scan time 1.3 s,
total acquisition time 14 min. Images shown are cropped from the full
80 � 80 � 80 mm FOV.
homogeneity suitable for in vivo EPR spectroscopy and imaging.
Effective separation of the electric component of the microwave
field from the active volume decreases Q-factor degradation in
the presence of a lossy biological sample, hence, contributing to
better sensitivity and coupling capability. Resonator ATC and ACC
circuitry containing varactor diodes provided electronic coupling
and tuning over a wide range of sample loading conditions. The
SSCR design can be used for surface applications or as a slice selec-
tive volume resonator and enables larger objects to be studied than
possible with conventional SCRs. The open structure and enhanced
distribution of RF field homogeneity of the SSCR over a surface or
slice volume makes it suitable for EPR spectroscopy and imaging
of in vivo animals and isolated organs at higher microwave
frequencies.
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