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Abstract

A 25 mm diameter 250 MHz crossed-loop resonator was designed for rapid scan electron
paramagnetic resonance imaging. It has a saddle coil for the driven resonator and a fine wire, loop
gap resonator for the sample resonator. There is good separation of E and B fields and high
isolation between the two resonators, permitting a wide range of sample types to be measured.
Applications to imaging of nitroxide, trityl, and LiPc samples illustrate the utility of the resonator.
Using this resonator and a trityl sample the signal-to-noise of a rapid scan absorption spectrum is
about 20 times higher than for a first-derivative CW spectrum.

Introduction

A wide variety of resonators has been used for in vivo electron paramagnetic resonance
(EPR) imaging and other low-frequency EPR spectroscopy and relaxation measurements.
Early low-frequency spectrometers have been comprehensively reviewed [1]. Resonator
experience in the Denver and Chicago labs at 250 MHz was summarized in Ref. [2], and a
recent paper implemented in vivo rapid scan imaging of nitroxide radicals using a cross loop
resonator (CLR) [3]. Examples of resonators that have been used for imaging and
physiology studies in other labs at frequencies below 500 MHz include a 221 MHz saddle
coil with 13.5 mm diameter and 23.5 mm long [4]; a 300 MHz parallel coil resonator with
ca. 25 mm diameter, 50 mm long [5, 6] or 25 mm long [7]; and a 55 mm diameter loop at
300 MHz [8].

The CLR concept [9], first implemented at S-band, has been extended from 250 MHz [10] to
X-band [11]. Originally designed for pulsed EPR, the CLR concept has also been
implemented for rapid scan EPR [12] by using thin wire construction to minimize eddy
currents by breaking up the induced magnetic field on the conducting surfaces of the
resonator [13]. The two resonators of the CLR are commonly called the driven resonator and
the sample resonator. A current challenge is to create a resonator with room for a mouse,
physiologic support apparatus and specialized experimental devices, such as perfusion
pumps, while maintaining good signal-to-noise, ease of tuning, and high isolation between
the two resonators of the CLR. Progress toward this ideal is presented in this paper. We
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report a CLR with 25 mm internal diameter to accommodate a mouse, a sample resonator
whose frequency can be adjusted to be the same as that of the driven resonator for samples
with varying dielectric loss, and isolation of up to 60 dB between the two resonators. Two-
dimensional spectral-spatial imaging of several phantoms are presented to illustrate imaging
performance. We built 2 of these resonators, confirming reproducibility of the construction.
Most of the tests were performed on one resonator, which was then sent to University of
Chicago where the mouse measurements were made. The CW and rapid scan signal-to-noise
comparisons were made on the other resonator, using a trityl sample.

Resonator design and test results

The design of the 250 MHz resonator, as shown in Figures 1 and 2, is for in vivo
measurements, with the mouse in a horizontal position. For rapid scan imaging it is
important to minimize eddy currents in the materials of the resonator. All dielectric parts of
the CLR except the resonator tubes were 3-D printed with polylactic acid (PLA); the
resonator tubes were 3-D printed with high impact polystyrene (HIPS). The equivalent
circuits for the two resonators are shown in Figure 3. All fixed capacitors are \Voltronics,
series 5, non-magnetic chip capacitors. The variable capacitor indicated in Figure 3 is a
Johanson, JIMC #5761. The microwave excitation is incident upon the driven resonator,
which has a larger diameter than the sample resonator. The driven resonator is a saddle coil
resonator constructed of 0.25 in. (6.4 mm) wide adhesive backed copper foil. It is 25 mm
average length and is mounted on the outside of a tube, 36 mm OD, 33 mm ID and 38 mm
long. The EPR signal is induced in the smaller (higher filling factor ~80%) sample resonator
and directed to the signal detection system. The sample resonator is a loop gap resonator
(LGR) constructed of 40 parallel turns of No. 38, 0.004 in. (0.1 mm) diameter bare copper
wire. It is 25 mm long and is mounted on a tube, 27.9 mm OD, 26 mm ID, and 66.6 mm
long, which is the length of the RF shield. This wire resonator is similar to a solid metal one,
except that the wire construction allows the RF magnetic field from the driven resonator to
easily penetrate it. The plastic RF shield is 73 mm OD, 70.5 mm ID and 60.5 mm long. It is
painted on the inside with silver paint. The coax cables that connect the source to the driven
resonator and the output from the sample resonator to the detection system contain bazooka
baluns to match the properties of the resonator to the transmission lines. The baluns were
constructed by replacing the center conductor of a 24.9 cm length of Haverhill HC90009-1,
0.141 in. coaxial cable with a length of Haverhill HC10009-1, 0.047 in, coaxial cable. The
outer conductors of both cables are connected together at the input.

The CLR is similar, in design, to a 19 mm i.d. CLR designed for pulse imaging [2, 14],
which used four loops of copper foil for the sample resonator and an Alderman-Grant design
for the driven resonator.

A balun is a balanced to unbalanced network. Some two-terminal devices are balanced to
ground, which means that the impedance to ground is the same for each terminal; the
resonators in this CLR are like this. As shown in Figure 3, there are two equal, coupling
capacitors in the resonators to try to maintain this balance. The coaxial cable used to connect
the transmission lines to the resonators is unbalanced; one of the terminals is ground, or as
close as possible. If the coax is connected directly to the balanced resonator, it upsets the
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balance to ground of the resonator and undesirable currents will flow on the outside of the
coax and inside of the RF shield. This may not have much effect on the resonant frequency,
but it can affect the isolation, because the unbalance causes undesirable fields that can link
the two resonators. In some unbalanced cases, adjusting the resonators so that they are not
physically perpendicular, may improve isolation by causing a coupling that helps cancel the
unbalanced pick-up. However, since amplitude, phase and physical orientation are involved,
we cannot expect this to be very useful. A more straightforward approach is to reduce the
unbalance in the circuit.

A bazooka balun achieves its operation by means of a quarter wave coaxial, transmission
line shield around the feed coax. Since it is shorted at the feed end, it is an open at the
resonator end. This reduces the tendency for current to flow on the outside of the coax.
Unfortunately, a bazooka balun, because it uses a quarter wave coaxial type resonant
structure, is very narrow band. Therefore, optimally the balun is tuned to the resonant
frequency of the resonator. However, a challenge arises due to the change of the resonant
frequency with different samples, which may shift the frequency outside the effective
bandwidth of the balun.

The frequency of the sample resonator may vary due to the dielectric properties of the
sample. In this resonator the frequency is adjustable to match the frequency of the driven
resonator, using the knurled knob below the animal. The tuning adjusts a nonmagnetic
variable capacitor. In other resonators built in our lab a tuning tool is inserted into the
adjustment mechanism of the driven resonator to adjust the frequency. The added
capacitance of the tuning tool and the operator change the frequency independent of the
intended capacitance change, which makes adjustment tedious. In the present design this
problem is avoided by using spring-loaded tuning shaft that is left in place throughout the
measurements.

To tune this CLR, the first step is to adjust the source frequency to the frequency of the
driven resonator. The frequency of the sample resonator is then adjusted using the knurled
knob at the base of the 25 mm resonator. The two resonators are designed to be electrically
orthogonal. Small manufacturing non-orthogonalities and the effect of asymmetric loading
by the sample can be significant and can be corrected for by small physical rotation of one
of the resonators about the pivot point identified in Figure 2. For ease of adjustment while a
mouse is in the resonator, the isolation tuning adjustment is available to the operator as a
knob above the sample.

Characterization of the driven and sample resonators and the isolation between them are
summarized in Table 1. The table includes data for a CLR containing a live mouse, which
was measured in H. J. Halpern’s lab in the Department of Radiation and Cellular Oncology,
University of Chicago. The measurements at the University of Denver were made using a
network analyzer (HP8719D) with the sample resonator empty and with a sample of water
filling the resonator. The water sample was a glass cylinder 25 mm OD, 25 mm long, with
flat top and bottom and a 6 mm OD filling tube. The driven resonator is a fixed-frequency
resonator and is largely unaffected by lossy aqueous samples. The efficiencies were
calculated by comparing the incident power required to achieve the same degree of
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saturation for a coal sample measured at 254 MHz in the new resonators and at 9.5 GHz in a
Bruker SHQ resonator for which the known efficiency is 2 G//W . The efficiency of the
driven resonator is about 0.14 G/,/W and the efficiency of the sample resonator is about 0.25
G//W . For comparison with prior low-frequency resonators for pulsed EPR imaging, the
Alderman-Grant resonator described in Ref.[2] and [14] with 23 mm i.d. is the closest to our
resonator. It has A = 0.12G/VW at Q = 11. Our rapid scan resonator has A = 0.25 GNVW at Q
= 78. The pulse data reported for the parallel wire type resonator used for low-frequency
EPR imaging [5] shows that their 25 mm i.d. resonator had an efficiency of about 0.14 GWVW
with Q = 20. Thus, the several designs exhibit the expected tradeoffs of size and Q.

The separation of E and B fields was so good that introducing a lossy, high dielectric, water
sample in a glass container that filled the resonator reduced the frequency of the driven
resonator by 0.4 MHz relative to the empty resonator. When a live mouse was in the
resonator, the frequency decreased by less than a MHz (Table 1). These frequency changes
are well within the tuning range of the sample resonator. The sample resonator could also be
used with a small sample with negligible effect on the tuning, demonstrating the wide range
of samples that can be imaged in this resonator. The isolation between the two resonators is
stable up to about 0.5 W of continuous RF power.

Magnetic field scan coils

The rapid magnetic field scan coils (square coils shown in Figure 1) were constructed of 100
turns of 250/46 Litz wire. The pair of coils has 86 mm average width and 46 mm average
spacing. The cross-section of the windings measured 10.2 by 10.2 mm. The experimentally
determined coil constant was 18.8 G/A. The coil constant was determined by measuring the
spacings of trityl-CD3 13C hyperfine after deconvolution to obtain the slow scan spectrum
and comparing those with literature values [15]. The inductance was measured by resonating
the rapid scan coil circuit with known capacitor values. The resonant frequency (f) and
capacitor value (C) were used to solve for the inductance (L) using eg. 1. The calculated
inductance of the coils is 3.5 mH.

1

L=—— (1
@nf)*C @

The scan coils were driven with the rapid scan coil driver (RSCD) described in Ref. [16].
Scan frequencies were chirped from about 1.2 kHz to 7.5 kHz using a ramped sinusoidal
wave generated by the RSCD. The complex detected signal from the empty resonator was
digitized over the time interval of the chirp. The absolute value (magnitude) of the Fourier
transform of the time response is plotted in Figure 4 and designated as the mechanical
resonance background. It was recorded for three conditions: By = 0 with no gradient, By =
90 G with no gradient, and By 90 G with gradient. This background is attributed to motor
effects due to the rapid scan field interacting with main magnetic field. The background
amplitude is relatively small when no main magnetic field or z-gradient field is applied.
Application of a z gradient field increased the background amplitude at scan frequencies
below 1.8 kHz and around 2.5 kHz.
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Two lithium phthalocyanine (LiPc) samples (1.1 mm ID x 3 mm long) were flame sealed
after being evacuated on a high vacuum line. A 0.1 mM tris 8-carboxyl-2,2,6,6 tetra[2-(1-
hydroxyethyl)]-benzo(1,2-d:4,5-d) bis(1,3) dithiol-4-yImethy! radical sodium salt (OX63)
solution was prepared in 2 mM HEPES (4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic
acid) buffer. Aqueous solutions of 1 mM 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl
(Tempol, SigmaAldrich, St. Louis, MO), and 1°N per-deuterated Tempone (PDT, Cambridge
Isotope Laboratories, Tewksbury, MA) solutions also were prepared. Aqueous solutions
were bubbled with N5 before flame sealing.

Continuous wave and rapid scan comparison

The second, duplicate, 250 MHz CLR was used to obtain continuous wave (CW) and rapid
scan spectra of a 0.1 mM degassed OX63 sample (25 mm OD diameter x 16 mm OD long
that) were recorded using the 250 MHz spectrometer [16] previously described. The signal
to noise of the CW and rapid scan spectra were calculated as the maximum minus minimum
signal amplitude divided by the standard deviation of noise corresponding to the first 75
points in the spectra. The frequency of the resonator with the OX63 sample present was
260.69 MHz. Sinusoidal rapid scans were generated with a resonated coil driver [15] at 30
kG/s. Incident powers for collection of CW and rapid scan spectra were selected by
inspecting power saturation curves and selecting the maximum power for which the
amplitude of the EPR signal was within 95% of that predicted by linear extrapolation from
low power. CW parameters were as follows: By = 93.53 G, modulation frequency = 10 kHz,
modulation amplitude = 24 mG, modulation phase = 45°, incident power = 0.4 mW,
conversion time = 5.2 ms, scan time = 5.32 s, sweep width = 3 G, 1024 points, 1-point
smooth. Rapid scan parameters were as follows: By = 93.53 G, scan frequency = 3.2 kHz,
sweep width = 3 G, incident power = 5.2 mW, 4096 averages, time base = 20 ns, 65536
points, scan time = 5.37 s. Rapid scan spectra were collected in quadrature and deconvolved
using the algorithm described in [17]. Pseudo-modulation of the rapid scan spectra in Bruker
Xepr software (version 2.6b.167) using 24 mG was done to obtain the first derivative
spectrum which reduced the signal to noise compared to the absorption spectrum. The signal
to noise of the rapid scan absorption spectrum, pseudo-modulated rapid scan spectrum, and
CW spectrum were 400, 173, and 18, respectively (Figure 5). The improved signal-to-noise
for rapid scan is consistent with prior observations for other samples and resonators [18]. X-
band rapid scan of nitroxides and other broad-line species were reported in many prior
studies, both at low microwave frequencies [3, 12, 19] and at X-band with small reflection
resonators [20, 21].

Application to EPR imaging

Rapid scan EPR imaging was achieved using the 250 MHz spectrometer [22] and resonated
coil driver [16] previously described. Magnetic field gradients up to 10 G/cm in the z-
direction were created with the coils described in Ref. [23]. The main improvements in the
spectrometer since the description in 2002 include replacing the power supplies with
Ethernet controlled power supplies manufactured by CAEN (FAST-PS-1k5 30-50) for main
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field and (FAST-PS 2040-600) for the z gradient and controlling the field and z-gradient
with code written in Python within the Bruker Xepr software system. A version of Xepr that
includes an Xepr API is required to run locally written python programs. 2-D spectral-
spatial images were reconstructed using the algorithm developed in Ref. [24].

One phantom consisted of two LiPc samples separated by 1 cm along the z-axis (Figure 6).
A 2-D spectral spatial image collected along the z axis is shown in Figure 7. The z gradient
was varied between £ 5 G/cm in 0.05 G/cm steps. A rapid scan frequency of 2.213 kHz with
30 G sweep width was used to acquire the spectra. The power was adjusted so that the LiPc
signal amplitude was in the linear response range. The full width half maximum (FWHM)
absorption line width of the zero gradient spectrum was 200 mG. Spectral slices for the
approximate centers of the two samples (z = -0.27 and +0.81 cm) had a measured line width
of 240 mG FWHM.

To obtain the image shown in Figure 7 the resonator and sample were positioned at the
vertical position that corresponds to the central axis of the main magnetic field. If the
phantom is vertically offset from the center by about 2 cm, the off-axis fields generated by
the gradient coils [23, 25] add a contribution to Bg that increases approximately
quadratically with the current in the gradient coils. Figure 8 illustrates the effect of
concomitant magnetic field gradients on an image of the two small LiPc samples. The high
spectral and spatial resolution of this sample facilitated observation of these effect of the
concomitant gradients, which are a well-known phenomenon in low-field MRI [26-29]. The
distortions in the image in Figure 8B follow the patterns illustrated in Ref. [26, 28].
Application of a correction to the effective center field for each projection that depended
quadratically on the magnitude of the applied gradient (Figure 8C) offsets the effects of the
concomitant gradients. The expression for the correction was ABg = 2x1072 (gradient)2. The
resulting corrected image shown in Figure 8D is in good agreement with the image (Figure
7) for the phantom that was properly centered in the vertical dimension.

Another 2-D spectral-spatial image was collected along the z-axis of the aqueous phantom
shown in Figure 9. The gradient was varied between + 10 G/cm in 0.1 G/cm steps for a total
of 201 projections. A sinusoidal rapid scan frequency of 2.213 kHz with 75 G sweep width
(scan rate of 0.52 MG/s) was used to acquire the spectra. The power was adjusted so that the
amplitude of the OX63 signal was in the linear response range. The nitroxides saturate less
readily than OX63. The B, in the driven resonator was approximately 22 mG. With these
parameters the OX63 and nitroxide signals are in the rapid scan regime [30]. The
background reduction method described in Ref. [31] was used to acquire the imaging data.
The data were acquired in quadrature and the two channels were combined prior to image
reconstruction [20, 21]. The resulting image is shown in Figure 10. The line widths of
0OX63, PDT and Tempol in the zero gradient spectrum were 0.36, 0.55, and 2 G,
respectively. The line widths measured along spectral slices at z = —0.72 and +0.64 cm were
0.74, 1 and 2 G, respectively. The line broadening of the narrow lines in the image is more
significant for the extended sample than for the LiPc point samples. The increased linewidth
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in the image relative to that in the non-gradient spectrum is attributed to the limited number
of projections.

The features of this new resonator design that contribute to its utility are the good separation
of E and B fields and the high isolation between the two resonators. The larger diameter
sample resonator should allow room for in vivo imaging of mice with specialized
experimental devices. Rapid scan images of aqueous and non-aqueous samples were
acquired to demonstrate the wide variety of samples that can be imaged with this resonator.
For a trityl sample the signal-to-noise ratio for rapid scan is about 20 times higher than for
CW. This resonator could also be used for pulsed EPR, which is convenient for
measurements such as pulsed oximetry using trityl radicals [32].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

25 mm, 250 MHz, Rapid Scan, Cross Loop Resonator Assembly. The mechanical structure
of the resonator and scan coil assembly was built with a 3D printer using polylactic acid
(PLA).
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Figure 2.
Internal construction of CLR.
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Figure 3.

Equivalent circuit diagrams for (A) Driven resonator, saddle coil and (B) Sample resonator,
LGR.
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Frequency dependence of the amplitude of the mechanical background signal measured with
a 70 ms chirp of scan frequencies from about 1.2 to 7.5 kHz. The current in the rapid scan
coils corresponds to a 13.7 G sweep width. Each trace was signal averaged for a total of 2.2
min data acquisition time. The incident power on the driven resonator was 65 mW. The
background amplitudes were measured for By = 0 G and zero gradient (blue dotted trace),
Bg =91 G and zero gradient (black trace), and Bp = 91 G and 10 G/cm z gradient (red trace).
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Figure5.
Rapid scan and CW spectra of 0.1 mM OX63. (A) Sinusoidal rapid scan spectra. (B)

Pseudo-modulated (24 mG) rapid scan spectra. (C) CW spectra. The effective filter for the
rapid scan spectrum was the 2.5 MHz resonator bandwidth. The detection bandwidth was 5
MHz. The CW spectra were acquired using a Bruker Elexsys signal processing unit (SPU)
with 5.2 ms conversion time, and 3-point binomial digital filter (n = 1 selected in the
software; the number of points smoothed is 2n+1), which results in a filter time constant
approximately equal to the conversion time, roughly 200 Hz. Hence, the CW bandwidth is
about 1 percent that of the rapid scan.
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Figure®6.
(A) LiPc phantom consisting of two small LiPc samples separated by 1.0 cm. (B) Two LiPc

samples, showing dimensions.
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Figure7.
(A) 2-D spectral-spatial image along Z of two LiPc samples (Figure 6A) separated by 1 cm.

(B) Spectral slices (red and blue dashed lines) through the centers of the two samples (z =
-0.27 and +0.81 cm) superimposed on the nongradient spectrum (black solid line). (C)
Spatial slice through the centers of the two samples, B = 91.4 G.
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Figure8.

(A) Plot of observed positions of signals for the two LiPc samples (red and blue solid lines)
as a function of gradient. The predicted linear dependence of signal position on gradient is
shown with red and blue dashed lines. (B) 2-D spectral-spatial image reconstructed from
projections that included the off-axis contributions to the gradients to By as shown in (A).
(C) Positions of signals for the two LiPc samples (red and blue solid lines) at the same
vertical location in the resonator as for (A), but at each gradient the value of By was offset
by an amount that is quadratic in gradient to correct for the effects of the concomitant
gradients. The experimental data are superimposed on the predicted linear dependence of
signal position on gradient (red and blue dashed lines). (D) 2-D spectral-spatial image
reconstructed from projections acquired with the corrected center fields, as shown in (C).
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Figure.
Agueous imaging phantom. The wall thickness of each tube is about 1.5 mm. On the left is

0.1 mM 0OX63. On the right is 1 mM 14N Tempol (top) and 1 mM 15 N PDT (bottom)
separated along the z-axis.
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Figure 10.
(A) 2-D spectral spatial image along Z of aqueous phantom containing 0.1 mM OX63, 1

mM 14N Tempol, and 1 mM 15N PDT. The phantom shown in Figure 9. (B) spectral slices
through the compartments containing OX63 and 1N tempol (z = —0.72 cm, red dashed line)
and the compartments containing OX63 and 1°N PDT (z = +0.64 cm, blue dashed line) are
superimposed on the nongradient spectrum (black solid line).
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Resonator characteristics with and without sample.

Table 1

Resonators

Empty 25 mm Aqueous Sample | Live mouse (whole
body)2
Driven Resonator -16 dB -16 dB -35dB
Coupling
Driven Resonator 254.6 MHz 254.2 MHz 253.75 MHz
Frequency
Driven Resonator Q 50 50 40
Sample Resonator -10dB -12dB -35dB
Coupling
Sample Resonator 237 - 263 233 - 257 MHz 253.75
Frequency MHz
Sample Resonator Q 78 78 23
Isolation Between 56 dB 60 dB 35dB
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a . . Lo . -
Mouse data provided by Subramanian V. Sundramoorthy, Center for EPR Imaging in Vivo Physiology, Department of Radiation and Cellular

Oncoloy, University of Chicago, Illinois
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