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Abstract

Sample motion, particularly that of a beating heart, induces baseline noise and spectral distortion on an EPR spectrum. In order to
quench motional noise and restore the EPR signal amplitude and line-width, an L-band transverse oriented electric field re-entrant res-
onator (TERR) was designed and constructed with provisions for automatic tuning control (ATC) and automatic coupling control
(ACC) suited for studies of isolated beating rat hearts. Two sets of electronic circuits providing DC biased voltage to two varactor diodes
were implemented to electronically adjust coupling and tuning. The resonator has a rectangular cross-sectional sample arm of 25 mm
diameter with a Q value of 1100 without sample. Once inserted with lossy aqueous samples of 0.45% NaCl, Q value drops to 400 with
a volume of 0.5 ml and 150 with 5 ml. The ATC/ACC functions were tested with a moving phantom and isolated beating rat hearts with
the improvement of signal to noise ratio (S/N, peak amplitude of signal over peak amplitude of baseline noise) of 6.7-, and 4 to 6-fold,
respectively. With these improvements, EPR imaging could be performed on an isolated beating rat heart. Thus, this TERR resonator
with ATC/ACC enables application of EPR spectroscopy and imaging for the measurement and imaging of radical metabolism, redox
state, and oxygenation in the isolated beating rat heart.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

EPR spectroscopy (EPR) and imaging (EPRI) has been
applied to measure the generation and distribution of free
radicals in biological systems [1–12]. Among various appli-
cations, it has been particularly challenging to measure and
image free radicals in the beating heart due to its lossiness
and motion [13–15]. With lumped circuit resonator designs,
in vivo and ex vivo EPR/EPRI was made possible at low
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frequency from S-band down to 250 MHz on lossy biolog-
ical samples as well as on moving objects with feedback
control circuits for AFC/ATC [16–25]. Similar resonator
designs have also been applied to the field of nuclear mag-
netic resonance imaging [26–28]. However, cardiac and
respiratory motion induces baseline instability and line-
width distortion that limit the sensitivity, spectral accuracy,
and imaging resolution that can be obtained. Since the con-
ventional automatic frequency control (AFC) technique
tracks and locks the frequency of the oscillator to the fre-
quency of the resonator, when the resonator is inserted
with a moving sample, the frequency and impedance of
the resonator changes accordingly and thereby induces
motional noise. This motion-induced noise often limits
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the detection and assessment of the signal intensity and the
line-width of an EPR spectrum or image projection due to
reduction in S/N and distorted line shape. The resultant
EPR spectra or image projections are superimposed with
the noise derived from the change of tuning and coupling
of the resonator. Therefore, it is extremely important to
develop techniques to suppress motional noise.

In order to quench motional noise for CW EPR, it is
necessary to develop electronic tuning and coupling mech-
anisms to track and adjust the frequency of the resonator
to the frequency of the oscillator, and also provide imped-
ance transformation between the resonator and transmis-
sion line to fix the detector bias in the microwave bridge.
Varactor diodes are commonly used components with a
relatively fast time response to adjust the capacitance of
the tuning and coupling mechanisms. When biased with a
DC correction voltage signal from the ATC/ACC circuits,
they enable locking the resonator frequency and impedance
to that of the microwave bridge [22]. In addition, feedback
electronic circuits have to be implemented to track and cor-
rect the tuning and coupling shifts of the resonator.

In order to accommodate different biological samples,
different resonator designs have to be used to maximize
the coupling capacity, filling factor, and the S/N. To per-
form EPR/EPRI on an isolated beating rat heart, special
design and construction of the resonator is required to
work at a frequency as high as possible with an appropriate
dimension to accommodate the rat heart which then will
give an optimized filling factor for maximizing the EPR sig-
nal intensity. It was observed that a frequency range of
L-band (1–2 GHz) provided good sensitivity and adequate
microwave penetration for EPR/EPRI of the beating rat
heart [29–31].

It was previously reported that at low frequencies from
250 MHz to L-band, resonator designs with ATC/ACC
techniques can quench motional noise from different bio-
logical samples [20,22,32]. We have previously reported
that the TERR design can provide a tunable high Q struc-
ture well suited for in vivo EPR spectroscopy. It can also
allow the incorporation of ATC and ACC provisions. Ear-
lier TERR designs were developed at frequencies below
750 MHz for in vivo whole body mouse applications [22].
However, adapting the ATC/ACC technique from a lower
frequency of 750 MHz to a higher frequency L-band reso-
nator design is not a trivial process. It involves applying the
similar technique to a smaller resonator with higher sensi-
tivity. Generally, the higher the frequency of the resonator
and the smaller its size, the more sensitive it is to motion-
induced noise. A resonator with higher sensitivity at higher
frequency will also pick up more motional noise which
imposes a greater challenge for techniques aiming at
quenching this noise. Therefore, adapting the ATC/ACC
provisions and TERR design for L-band applications is
an important step and much needed development for
in vivo and ex vivo EPR imaging applications. There have
been no prior reports on the design of volume resonators
suitable for EPR imaging at L-band with provisions for
ATC/ACC. Thus, prior measurements of moving biologi-
cal samples such as the heart have been greatly limited by
motion-induced noise. The development of a TERR reso-
nator with ATC/ACC provisions at L-band provides a
solution to this problem and can enable high sensitivity
EPR spectroscopy and imaging needed to measure and
image free radicals in the isolated beating rat heart.

In the current paper, we describe a TERR resonator
design at L-band with ATC/ACC provisions suited to per-
form EPR/EPRI on an isolated beating heart. The resona-
tor has a homogeneous distribution of B1 field over a
cylindrical volume of 20 mm in length and 20 mm in diam-
eter, which is required for imaging a rat heart. With the
ATC/ACC provisions, the EPR S/N was improved 6.7
times on a moving phantom and over 4 times on an iso-
lated beating rat heart. Thus, this TERR resonator design
with ATC/ACC provisions, enables improved EPR spec-
troscopy and imaging measurements of free radicals in
the isolated beating rat heart.

2. Resonator design

2.1. Tuning and coupling mechanism

Previously, we have reported the design and construc-
tion of a TERR resonator at 750 MHz to perform
EPR/EPRI measurements on whole body small animals
[22]. A similar strategy was used in the current design
of the L-band TERR resonator with copper-clad epoxy-
glass laminate material (copper-clad G-10/FR4 Garolite,
McMaster-CARR) as the building blocks for the resona-
tor walls. The copper-clad building blocks were silver-pla-
ted to improve the conductivity and therefore the Q value
of the resonator. The resonator was a rectangular box
and the dimensions and specifications are shown in
Fig. 1A and Table 1. A central stationary copper plate
plated with silver was attached to one side of the resona-
tor to serve as the stationary capacitive tuning and cou-
pling plates. At the end of the central conductor of the
transmission line, a small silver-plated copper disc serving
as the coupling plate was attached and was pivoted by a
micro positioner to couple the resonator to a desired sam-
ple volume (Fig. 1B). A silver-plated copper strip attached
to the opposite wall serves as the tuning plate and is
pressed with a quartz rod pivoted by another positioner
to change the relative position of the tuning plate with
respect to the central stationary plate to tune the resona-
tor to the microwave oscillator. The frequency of the res-
onator was centered at 1.2 GHz and the mechanical
tuning range was 100 MHz (1.2 GHz ± 50 MHz) with a
Q value of 1100 without sample. Fig. 1 shows the photo-
graph of the L-band TERR resonator with a pair of mod-
ulation coils mounted on the outside walls. Brass tubes
were attached to the ends of the sample holder as shields
to prevent microwave leakage. The figure also shows the
two positioning mechanisms to control the tuning and
coupling of the resonator.



Fig. 1. Photograph showing the external and internal structure of the L-band TERR resonator. (A) The arrows indicate the exterior modulation coils,
sample holders, tuning and coupling ports. (B) The interior structure of the TERR is shown after opening with removal of the wall containing the movable
capacitive tuning plate. The arrows indicate stationary plate, coupling plate, (tuning) quartz rod, and varactor diode cap. The movable capacitive tuning
plate is not seen as it is attached to the removed wall. In the closed resonator this plate from the opposite wall abuts on the tuning quartz rod.

Table 1
Specifications of the L-band TERR resonator

Parameter Value

Overall dimensions outside (mm) 85 · 154 · 49
Dimensions inside (mm) 65 · 134 · 29
Sample arm opening (mm) 25
Center frequency (MHz) 1200
Center frequency (calculated) (MHz) 1250
Center frequency setting range (MHz) 1000–1500
Center frequency tuning range (MHz) ±50
Q value before insertion of varactor diodes 2400
Q value without sample 1100
Q value with 0.5 ml 0.45% PBS 400
Maximum aqueous volume coupling capacity (ml) 10
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2.2. Placement of the varactor diodes

Two wells of 5 mm diameter were machined in the cen-
tral stationary plate underneath the coupling and tuning
plates, respectively. Two varactor diodes (high Q hyper-
abrupt tuning varactor, MA4ST553-31, M/A-COM Inc.)
were attached to the bottom of the wells with silver conduc-
tive glue [22]. They were each capped with a small metal
disc to form another capacitor with the tuning and cou-
pling plates to couple the microwave energy to the varactor
diodes (shown in Fig. 1B). Upon insertion of the varactor
diodes, the Q value dropped from 2400 to 1100 due to the
relatively lower Q value of the varactor diodes (500 at �4 V
bias voltage at 50 MHz).

2.3. ATC/ACC feedback loops

As reported previously [22], similar electronic circuits
were laid out with a Q spoiling resistor close to the cap
and a microwave choke coil to introduce the biased DC
voltage to the varactor diodes to change the tuning and
coupling electronically. The typical beating rate of an iso-
lated rat heart is about 5 Hz (300 bpm), therefore, the time
constant of our AFC/ATC/ACC circuits should be set to a
value of up to 20 ms that minimizes the motional noise
without distortion to the EPR spectrum. In the AFC mode,
a DC bias voltage from the AFC phase detector was taken
as feed back to the oscillator to automatically stabilize the
frequency of the microwave source. However, in the ATC
mode, a DC bias voltage from the AFC phase detector
was taken and connected to the tuning varactor diode. This
signal from the AFC phase detector was used to adjust the
resonance frequency of the resonator to the frequency of
the oscillator. If the phasing was correct, the feedback cir-
cuit would lock the frequency of the resonator to the fre-
quency of the oscillator automatically. Thus, the
frequency of the resonator would be fixed even in the pres-
ence of sample motion.

A reference signal at a frequency of 20 kHz was pro-
vided from a SRS-850 lock-in amplifier (Stanford
Research) to a mixer in order to modulate the incoming
DC voltage corresponding to the detector-diode current
of the bridge [22]. Then the modulated signal was fed back
to the lock-in amplifier with filtering, phase adjustment,
and amplification. After scaling in the voltage amplifier,
this conditioned signal was connected to the coupling con-
trol varactor diode to adjust the coupling change due to the
sample motion.

The time constant of the AFC module (Bruker) was
fixed at 2 ms which was much less than the period of the
cardiac cycle, 200 ms. The ATC circuit which was com-
posed of a broadband amplifier didn’t add any further
restrictions to the AFC module. The only limiting step
was the ACC circuit which was composed of the Lock-in
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amplifier. However, the time constant of the Lock-in
amplifier was set to a range of 1–100 ms depending on
the motional frequency of the sample. With simulated
phantom and beating rat heart experiments, the ATC/
ACC system was shown to effectively respond to frequen-
cies of up to 10 Hz with good suppression of noise from
the moving phantom as well as moving biological objects.

The change of the frequency and coupling of the resona-
tor with a beating rat heart in the sample arm were mea-
sured as less than 1 MHz and 1 dB, respectively.
Therefore, the range of automatic tuning and automatic
coupling were designed as ±5 MHz and 3 dB, respectively,
to adequately accommodate the beating rat heart.
2.4. B1 distribution and Q value of the resonator

With EPRI, one can map the B1 distribution of the res-
onator. However, the perturbing sphere method is still
needed to determine the B1 value at the center of the reso-
nator. Therefore, we chose to use the perturbing sphere
method to map the B1 field distribution [33]. In choosing
the diameter of the sphere, as we have discussed previously
[22], as long as the volume of the sphere is small compared
to the volume of the sample arm of the resonator (it is 2.2%
in our current design), the measurement should be accurate
and the effect of the sphere on the B1 field should be small.
After the implementation of the ATC/ACC varactor
diodes, the B1 field distribution of the resonator was
mapped with a brass sphere of diameter 5 mm inserted into
the sample arm. When the resonator was inserted with a
sample solution, the sphere was inserted into the solution
and measurements were made inside the sample. As shown
in Fig. 2, before loading, the resonator efficiency k, defined
as the ratio of B1 over the square root of the incident
power, W, was 0.018 mT/(W)1/2 at the center of the resona-
tor. The length with homogeneous B1 field along the long
axis was 50 mm (Fig. 2A, with closed circle and solid line),
and the diameter of the cross section with homogeneous B1
Fig. 2. B1 field mapping of the L-band TERR resonator with a spherical brass
resonator; the shaded area indicates the position and the length of the sample s
are not shown but are symmetrical with those to the left. (B) B1 field distribu
diameter of the sample solution. The closed circle and solid line: empty res
resonator filled with 5 ml of 0.45% of PBS in a quartz tube of id 18 mm, od 2
field was 20 mm (Fig. 2B, with closed circle and solid line).
After inserted with 5 ml of 0.45% phosphate buffered saline
(PBS) (a cylindrical volume with a diameter of 18 mm and
a height of 20 mm), the resonator efficiency k decreased to
0.013 mT/(W)1/2 at the center of the resonator. The length
with homogeneous B1 field along the long axis decreased to
20 mm (Fig. 2A, with closed triangle and dashed line), and
the diameter of the cross section with homogeneous B1 field
decreased to 18 mm (Fig. 2B, with closed triangle and
dashed line). Within the sample, though the distribution
of B1 was less homogeneous than that of the resonator
without sample, the homogeneity was still much better
than that outside the sample volume. The mapping of the
B1 field demonstrated that the B1 field was focused and
concentrated inside the lossy sample.

The Q value of the resonator was measured while load-
ing the resonator with different volumes of 0.45% PBS in
an 18-mm id quartz tube using an Agilent 8719ES Network
Analyzer. As shown in Fig. 3, when the resonator was
empty, the Q value was 1100 (frequency 1.166 GHz). When
the resonator was inserted with lossy samples, the Q value
decreased to 400 even with a volume of only 0.5 ml. With
increasing of the loading sample volume, the Q value
decreased gradually. At a loading volume of 5 ml, the Q

value was 150 at the frequency of 1.115 GHz.
2.5. Advantages over prior resonator designs

The current L-band TERR resonator with ATC and
ACC provisions provides a number of advances over prior
designs. While we have previously described an electroni-
cally tunable microwave resonator using a voltage-con-
trolled piezoelectric actuator for adjustment of the
resonance frequency via variations of the equivalent capac-
itance of the resonator, this design had no provision for
ACC [21]. In our current design, we use varactor diodes
to compensate for the changes in the tuning and coupling
of the resonator due to the motional noise. The implemen-
ball of diameter 5 mm. (A) B1 field distribution along the long axis of the
olution in the resonator. Of note, the points to the right of the sample area
tion on the cross section of the resonator; the shaded area indicates the

onator, f0 = 1.167 GHz, Q = 1100. The closed triangle and dashed line:
0 mm, f0 = 1.115 GHz, Q = 150.



Fig. 3. Measurement of the Q value of the L-band TERR resonator. A
quartz tube, 18 mm id, filled with different volume of PBS solution, was
inserted into the sample arm of the resonator.
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tation of varactor diodes improved the response of the tun-
ing and coupling circuits since varactor diodes have much
faster voltage response than that of piezoelectric actuators.
Furthermore, the new resonator was constructed with
capabilities of both electronic tuning and coupling.

This new resonator design also has several major
advances compared to our previous design at 750 MHz
[22]. The custom-designed smaller dimensions of the reso-
nator sample arm and higher resonance frequency pro-
vided higher EPR sensitivity suitable for isolated rat
heart imaging. The smaller sample dimensions and higher
sensitivity required smaller dimensions of the varactor
diodes used but with equally efficient dynamic range of
voltage response for efficient quenching of motional
noise-induced tuning and coupling variations. In the cur-
rent design, we used a different varactor diode
(MA4ST553-31, M/A-COM Inc.) but a similar normal
total capacitance vs. reverse bias voltage response. This
new varactor diode has only half of the size of the one pre-
viously used (MA4ST553-30, M/A-COM Inc.). The smal-
ler varactor diodes allow better enclosure in the
capacitive plate with less noise pickup from the modulation
coils. Furthermore, the setup of the field modulation coils
outside the sample arm rather than inside improved the
sensitivity of the resonator. This required the design of slits
on the wall to let modulation field penetrate through the
copper clad resonator walls as depicted in Fig. 1B. Finally,
the further distance of the modulation coils from the varac-
tor diodes imposed less disturbance on the embedded var-
actor diodes in the wells under the tuning and coupling
plates, and therefore reduces the baseline shift of the
EPR spectrum.
3. Experimental methods

3.1. Chemicals

Solutions of 0.2 mM triarylmethyl, (TAM, OX063, a
gift from Nycomed Innovation) in 0.45% PBS was pre-
pared for phantom experiments. Oxygen sensitive spin
probe lithium octa-N-butoxy-naphthalocyanine (LiNc-
BuO) was synthesized as reported [34]. The redox probe
nitroxyl radical 3-carbamoyl-proxyl (3-CP, Aldrich) was
used with concentrations of 1 mM and 50 mM in Krebs
perfusate.
3.2. Preparation of the isolated rat heart

Male Sprague–Dawley rats of weight 300 ± 30 g were
used. After the rats were anesthetized with 50 mg/kg pento-
barbital (ip), the thorax was opened and heparin (100 U)
was given intravenously in the portal vein to prevent clot-
ting. Then the heart was excised and the ascending aorta
was cannulated. Retrograde perfusion was initiated by
the method of Langendorff at a constant pressure of
80 mmHg using modified Krebs–bicarbonate-buffered per-
fusate containing (in mM): NaCl 120, KCl 5.9, NaHCO3

25, MgCl2 1.2, CaCl2 2.5, glucose 17, and EDTA 1. All per-
fusate solutions were filtered through two 1.2 lM Millipore
filters and bubbled with 95% O2 and 5% CO2 gas mixture
at 37 �C. A side arm in the perfusion line located proximal
to the aortic cannula allowed the infusion of 3-CP solution.
Contractile function was measured using a latex balloon
inserted in the left ventricle (LV) and inflated with distilled
water sufficient to produce an end diastolic pressure of 8–
12 mmHg. For EPR/EPRI, the heart was perfused and
transferred to a quartz tube of id of 16 mm. A polyethylene
tube was inserted to the bottom of the quartz tube to per-
fuse the outside of the heart with warm buffer in order to
keep the temperature at 37 �C. The flow of this buffer sur-
rounding the heart was maintained 10-fold above that of
the coronary flow. A suction tube was introduced in the
quartz tube through the top rubber stop cock and the
end opening of the tube was kept above the root of the
aorta and the tube was connected to the vacuum system
to maintain the liquid level in the quartz tube. In addition
to keeping the temperature constant, the perfusate outside
the heart served as a dampening media to the beating
movement of the heart. For EPR imaging experiments,
after 15 min of initial perfusion to allow the heart to reach
stabilized contractile function as above, the heart was
switched to a constant flow infusion of perfusate with
1 mM 3-CP at a rate of 2 ml/min that provided stable
EPR intensity and EPR image data was collected.
3.3. Preparation of the phantom

The phantom was a glass bottle filled with 3 ml of
0.2 mM TAM in saline with NaCl concentration 0.45%
(76.5 mM). The tube was mounted to the end of a quartz
rod, which provided the actuator movement from an
8 ohm audio speaker [22,30]. Signals of variable frequency
and amplitude from a function generator (Arbitrary Wave-
form Generator Model No. 75, Wavetek) were used to con-
trol the frequency (f, Hz) and excursion (A, mm) of the



Fig. 4. Improvement of the S/N of EPR spectrum with the ATC/ACC
provisions. The EPR spectra were taken from a phantom of 3 ml of
0.2 mM TAM in 0.45% PBS solution. The phantom was set to periodic
motion in the resonator with a frequency of f (Hz) and an excursion of A

(mm). Frequency control was switched between AFC and ATC/ACC with
(A) AFC, f = 0 Hz, A = 0 mm; (B) ATC/ACC, f = 0 Hz, A = 0 mm; (C)
AFC, f = 2 Hz, A = 1.5 mm; (D) ATC/ACC, f = 2 Hz, A = 1.5 mm. A
6.7-fold of improvement in S/N was achieved with ATC/ACC provisions.
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phantom motion to simulate the motion of a moving object
such as a beating rat heart.

3.4. EPR/EPRI spectrometer setup

A custom-made L-band EPR imaging system was used
to perform the spectroscopy and imaging experiments. This
system contained a fixed frequency microwave bridge as
described previously [21,35]. The imaging system was
equipped with a set of three-dimensional field gradient coils
with gradient capability of up to 1200 mT/m along each
axis. The software for data acquisition and image recon-
struction was as described [36]. Nitroxyl radicals give a
three-line EPR spectrum. For EPRI, the low-field peak
was used with forward-subtraction hyperfine correction
[37]. The EPR/EPRI parameters were as follows: for
TAM and LiNc-BuO spectroscopy: microwave power
5 mW (B1 = 9.2 · 10�4 mT), modulation amplitude
1 · 10�2 mT, scan width 1 mT, scan time 15 s, time con-
stant 80 ms; for EPRI: microwave power 32 mW
(B1 = 5.9 · 10�3 mT), gradient field 50 mT/m, modulation
amplitude 7 · 10�2 mT, scan width 1.5 mT, spatial window
30 · 30 · 30 mm3.

4. Experimental results

4.1. EPR spectroscopy

The resonator changes due to sample motion induced
distortion in the spectrum. We call this kind of distortion
to the spectrum motional noise. Disturbance to the cou-
pling of the resonator was manifested on the baseline and
the spectrum. However, the disturbance to the tuning of
the resonator was manifested only on the EPR signal,
not on the baseline. In a beating heart, the motion induced
not only baseline noise that reduced the signal to noise
ratio, but also frequency instability that perturbed the
accuracy of EPR line-width and line-shape measurement.
The latter was particularly a problem for EPR oximetry
that relied upon precise line-width measurements to deter-
mine tissue oxygen tension. The current design of the L-
band TERR resonator with ATC/ACC provisions should
automatically quench motion-induced noise and enable
the accurate measurement of the EPR signal and its line-
width in a beating phantom or heart. In order to test the
capability of the resonator to quench the motional noise,
a moving sample, of 3 ml of 0.2 mM TAM in 0.45% PBS,
was tested [22,30]. Fig. 4 shows the EPR spectra of the
phantom attached to the end of a quartz tube that was
fixed to the pivot center of an 8 W speaker. By changing
the audio signal amplitude and frequency, the excursion
of the sample was adjusted to simulate different moving fre-
quency and amplitude. With the ATC/ACC provisions,
EPR spectra were obtained and the moving noise was dra-
matically decreased. As shown in the figure, when the con-
trol circuit was configured in the AFC mode and there was
no movement from the phantom (f = 0 Hz, A = 0 mm), the
S/N was measured as 450 (Fig. 4A). When the two ATC/
ACC feed-back circuits were connected, the S/N was 231,
approximately two times (1.9) lower which was consistent
with our previous report (Fig. 4B) [22]. This reduction of
S/N upon insertion of the varactor diodes and the support-
ing circuits was due to the controlling circuits as well as
some possible leakage of the 100 kHz field modulation sig-
nal into the varactor diode circuits which was manifested as
a slight increase of the baseline offset on the EPR spectrum.
Once electronically biased, the Q value of the varactor
diodes decreases and this may also contribute to the reduc-
tion of the S/N of the EPR spectrum. When there was a
perturbation with a frequency of 2 Hz and amplitude of
1.5 mm, the S/N was only 3.6 in the AFC configuration
(Fig. 4C). However, with the implement of ATC/ACC pro-
visions, the S/N was improved to 24, a 6.7-fold increase
(Fig. 4D). We also observed that the line-width and the line
shape were completely restored after ATC/ACC with
motional noise compared to that of AFC and ATC/ACC
without motional noise.

After validation of the ATC/ACC setup with the mov-
ing phantom experiments, the resonator was applied for
EPR spectroscopy on the isolated perfused rat heart.
About 10 lg of LiNc-BuO microcrystal was implanted with
a 25-G needle in the mid myocardium of the anterior wall
of the LV. Then the heart was perfused and transferred to
the quartz tube and immersed in the perfusate to the level
of the aorta to keep the temperature constant. Then EPR
spectroscopy was performed.

As shown in Fig. 5, with AFC configuration, the beating
heart gave a very noisy spectrum with S/N of 2 (Fig. 5A). It
was very difficult and inaccurate to measure the EPR line-



Fig. 5. Improvement of the EPR spectral S/N from an isolated beating rat
heart. About 10 lg of LiNc-BuO microcrystal was implanted in the mid
myocardium in the anterior wall of the left ventricle. The EPR spectra
were taken with and without ATC/ACC: (A) AFC, beating heart; (B)
ATC/ACC, beating heart; (C) AFC, ischemic heart. A 4-fold of
improvement in S/N was achieved with ATC/ACC provisions.
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width from this noisy spectrum. When the ATC/ACC pro-
visions were implemented, a much cleaner spectrum was
obtained with S/N of 8. When the heart was subjected to
global ischemia therefore beating was stopped, the spec-
trum with AFC showed an S/N of 10. From these spectra,
Fig. 6. 3D EPR imaging of the perfused beating rat heart. The heart was perfus
was used to perform the imaging. (A) Zero-gradient projection with AFC; (B)
gradient projection with ATC/ACC; (E) 3D image and the two 2D cutouts of
ATC/ACC, automatic tuning and coupling control. These experiments demons
distribution of nitroxyl radical in the beating heart.
it was demonstrated that a 4-fold improvement of S/N was
achieved on the isolated beating rat heart when the ATC/
ACC feedback loops were implemented. This improvement
of the S/N enabled the accurate measurement of the EPR
line-width.
4.2. EPR imaging

With appropriate selection of redox probes, EPR imag-
ing provides a powerful technique to map the redox distri-
bution in the myocardium of a beating rat heart. However,
the beating-induced noise degraded the quality of the pro-
jection data when the EPR spectrometer was configured in
the AFC mode. With the ATC/ACC provisions in the cur-
rent resonator, EPR imaging data can be obtained with
improved S/N on a beating rat heart. Fig. 6A shows the
zero-gradient projection obtained with AFC (S/N � 1).
As shown in Fig. 6D, the noise was greatly decreased with
implementation of ATC/ACC (S/N � 6). Fig. 6B shows
the photograph of the isolated beating rat heart with the
aortic cannula and the balloon inserted in the left ventricle.
Fig. 6C shows that with AFC only a very noisy 3D EPR
image was obtained with no recognizable heart structure.
With ATC/ACC, however, as shown in Fig. 6E, much
improved 3D EPR images of the beating heart were
obtained as can be seen in the full surface rendered image
and the vertical and horizontal cutouts. The overall shape
of the heart and the void space of the balloon in the left
ventricle, LV, can be seen. These 3D EPR images show a
relatively homogeneous spatial distribution of the 3-CP
probe in the myocardium. The two 2D cutout images
clearly show the LV as a void space at the position of the
ed with 1 mM 3-CP in perfusate with a rate of 2 ml/min. The low-field peak
photograph of the heart; (C) 3D image of the heart with AFC; (D) zero-
the heart. Legend: LV, left ventricle; AFC, automatic frequency control;

trated a dramatic improvement of the EPR images with ATC/ACC on the
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inserted balloon. Of note, in these experiments the heart is
beating at a rate of �5 Hz and without gating this causes
some blurring of the heart surface and features visualized.
These measurements demonstrated the capability of the
ATC/ACC provisions and L-band TERR to provide the
stable resonator tuning and coupling required for 3D spa-
tial EPR imaging of free radicals in the heart.

5. Summary and conclusions

An L-band TERR resonator with ATC/ACC provisions
was constructed and evaluated for EPR spectroscopy and
imaging on a moving phantom and an isolated beating
rat heart. In general, samples with diameter up to 22 mm
and volume up to 15 ml can be studied with this resonator
design. In the sample arm, the homogeneous length of B1

field along the long axis was 50 mm and the diameter of
the homogeneous cross section of B1 field was 20 mm.
The Q value of the resonator without sample was very high
(1100). When the resonator was filled with a lossy sample
such as half-water half-saline, the Q value dropped to
400 at a loading volume of 0.5 ml and then to 150 at a vol-
ume of up to 5.0 ml. With sample present, the B1 field
intensity was decreased and concentrated within the
sample.

Upon the introduction of ATC/ACC circuits, a 1.9-fold
increase in noise level was introduced and this was consis-
tent with our prior report [22]. When EPR spectroscopy
was applied to moving objects, the resonator improved
the S/N 6.7 times on a moving phantom of TAM solution,
6 times on a beating heart globally infused with nitroxyl
radical and 4 times on a beating heart with point implanta-
tion of the oxygen sensitive probe LiNc-BuO. The
improvement seen in S/N was dependent upon the severity
of motion induced noise with greater improvements seen
with higher noise severity. This resonator design with
ATC/ACC provisions was applied to perform 3D spatial
EPR imaging of the perfused beating rat heart and was
highly effective in reducing motion induced noise enabling
3D mapping of the localization of free radicals in the beat-
ing heart.

In conclusion, the L-band TERR with ATC and ACC,
enables EPR spectroscopy and imaging measurements on
the isolated beating rat heart. It allows accurate measure-
ment of the EPR line-width of an oximetry probe and
imaging of the spatial distribution of free radicals in beat-
ing rat hearts. Thus, this resonator design with ATC/ACC
capability enables greatly improved EPR measurements of
tissue oxygenation and free radical distribution and metab-
olism in the isolated beating rat heart. It should be a useful
tool enabling studies that will add new knowledge to our
current understanding of cardiac physiology and disease.
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