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Abstract
The development of a dual frequency resonator that enables both EPR and proton NMR imaging
within the same resonator, magnet and gradient system is described. A novel design allows the
same resonator to perform both EPR and proton NMR operation without moving resonator cables
or switches. The resonator is capable of working at frequencies of 16.18 MHz for proton NMR
and 1.2 GHz for EPR and is optimized for isolated rat heart experiments, measuring 22 mm in
inner diameter and 19 mm in length. In EPR mode, the resonator functions as a one loop two gap
resonator, electrically coupled through a half wavelength inverter. In NMR mode, it functions a
single turn coil. Using the same loop for both modalities maximizes filling factor at both
frequencies. Placing the tuning and switching controls away from the resonator prevents any
inadvertent movement that would cause errors of EPR and NMR co-imaging registration. The
resonator enabled good quality EPR and proton MRI of isolated rat hearts with precise
registration.

INTRODUCTION
EPR imaging (EPRI) can be applied to obtain the spatial distribution of free radicals and
their spectral characteristics in samples by utilizing magnetic field gradients, in a manner
similar to that of MRI. Therefore spatial EPRI and spectral-spatial EPRI are valuable tools
in biology for in vivo study and visualization of functional properties including tissue
oxygenation, acidity and redox status [1–5]. The EPR images obtained contain information
about the spatial location of the free radical probe but often lack the anatomic structure
required for interpretation. In contrast, proton MRI (PMRI) is an ideal approach to provide
anatomic information through EPRI and PMRI image registration. While this can be
performed using separate EPRI and PMRI instrumentation [6–10]; the use of separate
instruments requires time consuming registration of the two coordinate frames, and the
movement of the animal or sample from EPR to NMR system limits the quality of this
image registration and greatly restricts or prevents the performance and real time evaluation
required for many experimental protocols.
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The concept of a hybrid system with common magnet and field gradients for EPR/NMR co-
imaging has been described [11–16]. We have previously reported the development of a
coimaging system that utilizes a large iron core electromagnet and is capable of performing
fast transition from low field EPR measurements to proton MRI measurements at much
higher fields [11,17]. A common EPRI/MRI gradient set is utilized to assure a common
image coordinate system with automatic registration of the EPR and proton MR images. In
order to eliminate movement of the sample relative to the magnetic field gradient coordinate
system, a dual-purpose resonator assembly was developed containing EPR and proton NMR
resonators with a stage that enables each resonator to slide precisely into place around a
fixed sample holder located at the center of the gradient system. The architecture of the
stage was chosen to facilitate in vivo animal experiments by loading the animal either
through the top of the sample holder or from the front side of the magnet through the support
tubes. This method allows using separate optimized EPR and proton NMR resonators.
However, this approach while workable and useful, has a number of practical problems or
inconveniences especially for experiments with smaller objects like perfused rat hearts.
These include:

i. The overall length of the sliding resonator stage is triple that of the resonator,
which makes the assembly bulky and initial precise positioning of the resonator
stage difficult.

ii. The resonator stage blocks access and reduces the visibility of the sample after the
setup is placed in the magnet.

iii. Resonators can not be tuned prior to the experiment; tuning can be done only
during change of the acquisition modality. So it takes additional time to re-tune and
re-couple the resonators each time they are switched.

iv. Movement of the resonators can inadvertently induce movements of the overall
stage and sample.

These problems can be limited individually by modifying the resonators and resonator stage.
Of note, a configuration positioning the EPR resonator inside a larger solenoidal coil NMR
resonator tuned at different frequencies has been previously reported but produces
detrimental effects on the performance of the NMR resonator [13–15]. In view of these
issues, a single resonator design capable of accommodating both modalities with dual
resonant frequencies would be desirable since it would completely eliminate all these
problems, providing a simpler more space efficient approach for coimaging, saving critical
time in experimental applications, allowing more precise EPR/NMR coimaging.

Dual frequency resonators for NMR applications have been extensively described that were
designed for 1H/19F, 1H/13C, or similar experiments [18–20]. In these pure fixed field NMR
applications the resonance frequencies for the nuclei studied are typically relatively close
differing by ≤ 3 fold. For our EPR/NMR coimaging system and applications, the ratio
between frequencies is much larger ~ 74 considering L-band EPR at ~1200 MHz and 16.2
MHz proton MRI [11]. Also quality factor requirements for EPR spectroscopy and imaging
are quite different from that of proton MRI.

Surface coil resonators currently available for use in L-band (typically around 1.2 GHz) are
limited to useful apertures of less than 10 mm limiting the practical use of these resonators
to isolated heart and small animal in-vivo applications [21,22]. This diameter is limited by
frequency to about one quarter wave length in the conductor. To accommodate larger
samples a multigap design is required. For 1.2 GHz L-band frequencies, single loop multiple
gap designs afford a larger sample size, improve B1 field homogeneity and minimize
dielectric losses compared to a single gap design as it reduces the electric field in the sample
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area [17,23–25]. In contrast, for proton NMR operation at 16.2 MHz, a single gap resonator
provides adequate efficiency and minimal dielectric losses.

In this report, we describe a novel resonator design capable of working at 16.2 MHz for
proton MRI and 1.2 GHz for EPRI with size suitable for studies of the isolated rat heart. In
EPR mode, the resonator functions as a one loop two gap resonator, electrically coupled
through a half wavelength inverter, while in NMR mode, it functions as a single turn coil.
Using the same loop for both modalities maximizes filling factor at both frequencies and
facilitates precise EPR/NMR coimaging by removing the need for any sample or resonator
movement.

RESONATOR DESIGN
The EPR section of the dual frequency resonator is constructed as a one loop two gap
resonator (Figure 1). The structure of the resonator contains an inductive loop and two pairs
of capacitive elements (A), with dimensions of these elements forming a λ/2 symmetric
resonator. To satisfy this requirement, the length of the capacitive elements is 19 mm on
each side, 19 mm wide with a 22 mm loop diameter for the desired 1.2 GHz (Figure 1).
Initial estimate for frequency dependent dimensions of the resonator loop was performed
according to [26–28]. The capacitive elements had a gap of 2.3 mm

Capacitive coupling for 1.2 GHz is performed through a 50 Ohm 1 mm diameter coaxial
cable (G) forming a λ/2 EPR inverter connected to the end of the capacitive element (A) of
the resonator using a 0.2 pF capacitor (L). Coupling adjustment is performed by variable
capacitive divider (C1, C2). Each half of the capacitive element has an EPR frequency tuned
quarter wavelength (λEPR/4) transmission line (B) connected to both sides. One λEPR/4
transmission line end pair couples to an 800 pF capacitor (K) and the electrically coupled
NMR feed to form the NMR end. The opposite, EPR end of the λ/4 EPR transmission line
pair is physically shorted with a specially attached contact forming an L-band tuned balun at
the EPR end (I) on Figure 1A. At EPR frequencies, the transmission lines connected to the
800 pF capacitor appear as high impedance (Z) to the EPR resonator electrodes, minimizing
any undesired NMR resonator effects. The higher impedance lines are desirable to maximize
resonator filling factor since the λ/4 transmission lines behave like a resonator and trap a
portion of the total energy inside the resonator. This results in an apparent decrease of filling
factor. The distribution of the currents between the resonator and transmission lines is
proportional to 1/Zin of the λ/4 transmission line and Z of the resonator [29, 30].

In order to minimize any decrease in filling factor, the area of the transmission lines (B) was
reduced by narrowing the width of transmission line electrodes from 19 to 7 mm, thus
increasing the impedance of the transmission line by a 19/7 factor. We did not take into
account transmission line distributed inductance due to its small contribution compared to
the inductance of the loop. The λ/4 7 mm wide transmission line connecting the electrode
and connection plate at the EPR end has higher impedance since the distribution capacitance
is 19/7 times smaller. This allowed reducing transmission line induced deterioration of
filling factor from ~50 % to ~21 %. Further decrease of transmission-line width was
problematic due to negative effect on the performance of the resonator at NMR frequencies.
The final efficiency loss depends on the loading capability of the resonator. This loss is a
compromise required for dual mode operation and electrical coupling. These considerations
are for empty resonators. Loaded resonators exhibit different power distribution
characteristics, especially when impedance and Q factor changes with load. The influence of
load on impedance and resonance frequency was not taken into consideration, since
calculations of loaded resonators are complicated by the uncertain characteristics of living
samples. Transmission line loss becomes a smaller proportion of the total as dielectric losses
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within the sample load increase. Since a loaded resonator typically has a lower resonant
frequency, the length of the λ/4 transmission lines should be slightly longer. For best
performance, resonator dimensions can be optimized for a particular sample and load. In our
case, final dimensions were experimentally adjusted for isolated rat heart experiments at 1.2
GHz.

During 16.2 MHz NMR operation, the balun on the EPR end functions as a short for the
single gap NMR resonator. The 0.2 pF coupling capacitors (L) on the EPR end appear as
high impedance with minimal effect.

Ideally, an optimally matched resonator should have reactance that matches the preamplifier,
thus eliminating the matching circuit. Our one loop design has low impedance and requires a
circuit to match the input reactance of the preamplifier. A traditional commercial Resonex
NMR tuning and matching circuit is connected to the 800 pF gap of the resonator through a
symmetric 100 Ohm impedance ribbon cable. At the low PMRI working frequency of 16.2
MHz, the additional loss in the matching circuit will be small in comparison with the loss in
the resonator.

RESONATOR CONSTRUCTION
The general concept of this resonator is schematically shown in Figure 1. The resonator
body is constructed from two halves (D) of 166 mm × 67 mm × 25.4 mm thick low
dielectric loss #1422 Rexolite polystyrene fastened together. Each 25.4 mm thick half has a
19 mm wide slot for the capacitive elements, transmission lines and one half of a 22 mm
cylindrical bore (H) for the sample. A 67 mm outer dimension ensures the distance between
the outer shielding and resonator elements are separated by at least twice the diameter of the
loop to improve B1 homogeneity [31]. A 0.5 μm silver coating is sputtered on the outer
surfaces of the Rexolite body for RF shielding. This small silver thickness is adequate for
RF shielding at L-band EPR frequencies and allows NMR gradient and modulation coil
frequencies to pass without distortion.

The capacitive elements (A) and transmission lines (B) are formed from 11 μm thick silver
strips. These transmission line elements simultaneously serve as capacitors for the low
frequency NMR resonator. Total length of the higher frequency EPR portion of the
resonator including loop is 60 mm. The 2.3 mm gap separating capacitor and transmission
line elements in the Rexolite body halves of the resonator is formed by two opposing 1.15
mm slots (F) machined in the body halves (D). Transmission lines designed for quarter
wavelength of the EPR frequency are made as extension of the capacitor plates and measure
44 mm long, 7 mm wide on the EPR side and 46 mm long and 7 mm wide on the NMR side.
The extra 2 mm is needed since the 800 pF capacitor requires the transmission line to be
slightly longer than necessary for an ideal short to provide higher impedance and isolation
during EPR operation [32]. Rectangular 8 mm × 19 mm connection plates (C) are formed at
the four ends of the tranmission line elements for connecting the coupling circuit. These
plates are located beyond the 800 pF capacitor on the NMR side and beyond the shorting
point on the EPR side so they are not included in the resonator circuit. The EPR feeding line
consists of a 57 mm piece of semi-rigid 1 mm diameter coaxial cable (G). The outer shield
contacts the full length of the top 7 mm wide transmission line extension plate (C) and only
the outer end portion of the bottom 7 mm transmission line extension plate (B). The center
conductor of this 57 mm semi-rigid line connects to the bottom capacitor element through a
0.2 pF capacitor made from Rogers high frequency laminated plastic sheet. In general, it is
similar to the surface coil resonator feeding line designed by Hirata and colleagues [33]. The
semi-rigid coax outer shield functions as a continuous connection to the one tranmission line
element and point connector to the end of the opposite electrode on the EPR side.
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Another important requirement for the combined NMR/EPR resonator is the presence of
modulation coils suitable for CW EPR operation. These must also be “transparent” to the
pulsed NMR field gradients. Our experimental tests have shown that even very small metal
objects near the NMR resonator cause distortions and degrade image quality due to the
formation of eddy currents. To minimize this distortion, Helmholtz type modulation coils
were constructed with a single layer of 2 mm Litz wire, consisting of multiple 30 μm
diameter conductors (New England Electric Wire Corporation, Lisbon NH,
NELD1050/46SNSN). Each 128 mm average diameter coil (M on Fig. 1B) was attached in
the center of 6 mm × 190 mm × 170 mm polystyrene panel (O) and positioned 64 mm apart
using spacers (N). Experimental tests demonstrated no NMR image degradation with
disconnected EPR modulation coils.

EQUIVALENT LUMPED ELEMENT CIRCUIT RESONATOR
Addition of transmission lines to both sides of the EPR resonator may cause loss of filling
factor and degradation of the quality factor, Q. In order to evaluate this, we analyzed an
equivalent lumped element circuit, as shown in Fig. 2C. All capacitances in the resonator are
calculated as simple parallel plate capacitors. Inductance for the 22 mm diameter loops are
calculated according to [34]. The characteristic impedance of the transmission lines (Zt) is
determined by resonator dimensions and is calculated using [35] producing Zt = 33 Ω. Lt

values were obtained using its relationship with . Parameters of calculations are
presented below:.

Lr= 0.045 μH inductance of the half 22 mm in diameter loop;

Cg= 1.56 pF capacitance formed by the 19 mm width EPR resonator capacitive elements;

Rg = 0.0197 Ω resistance of the main loop conductor;

Lt = 0.0014 μH equivalent distributed inductance of the 7 mm wide transmission lines;

Ct1 = 1.34 pF equivalent distributed capacitance of the 7 mm wide, 44 mm long
transmission lines;

Ct2 = 1.4 pF equivalent distributed capacitance of the 7 mm wide, 46 mm long transmission
lines;

Rt = 0.0535 Ω equivalent distributed resistance of the 7 mm wide transmission lines.

We considered the resistive loss in conductor only for an empty resonator. The contribution
of the dielectric loss of the Rexolite is considered negligible in the calculations since it is
much smaller than electrode conductive losses. Losses in the strip conductors for L-band
frequency are inversely proportional to the width of the conductive strip. Assuming equal
element length of EPR resonator and transmission lines, the ratio of resistive losses in
transmission lines and resonator is 19/7 when considering the main λ/2 symmetric resonator
19 mm wide strip electrodes and two λ/4 7 mm wide transmission lines.

The measured Q of the entire resonator including all transmission lines and matching
elements, Qres, is approximately 195, which consists of
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where the Qgap number is large since it assumes an ideal resonator (completely shielded
without radiation losses). Practically, the maximum Q of the empty resonator is limited by
the Q of the transmission lines. Lossy samples reduce the Q of the main resonator, not the Q
of the transmission lines. Since we are working with relatively lossy samples, the reduction
in Q from the transmission lines is a small proportion of the total loss. C1 and C2 –
equivalent capacitive divider of the coupling circuit, C1 = 0.2 pF, C2 = 1 to 8 pF (see figure
2C). For the NMR resonator, the sum of inductances is 0.0928 μ H and the sum of parallel
capacitances is 928 pF.

TESTING AND EXPERIMENTAL RESULTS
We measured the absolute intensity of the B1 with a 4.0 mm diameter brass sphere using the
perturbing spheres method [36,37]. The measurement of B1 distribution was performed in
the resonator loaded with 18 mm diameter 18 mm long cylinder filled with 0.5 mm glass
spheres. Voids between glass spheres were filled with saline solution. This phantom
simulates 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
comparison, a reentrant resonator with 25 mm sample loop diameter similar to the design
described in [38] was used. Frequency shift was monitored using an Agilent 8719ES vector
network analyzer at 3.2 mW power. The B1 field of the Dual Frequency Resonator was

, with a Q of 195, while the B1 value of the loaded resonator  (Glass
beads + 3.5 cc 14% saline was 0.008 mT with a Q of 97.5). For the reentrant resonator the
B1 field was , unloaded Q=301, while the  of the loaded resonator
(Glass beads + 3.5 cc 14% saline was  with a Q of 97) was 
(Glass beads + 3.5 cc 14% saline). As seen from Table 1, the reentrant resonator slightly
outperforms the dual frequency resonator at loads smaller than 2.5 cc. However, at larger
loads, the dual frequency resonator performance is similar to the reentrant resonator.

Resolution and accuracy of co-registration was evaluated by acquiring the image of a
specially constructed phantom of tubes of different sizes filled with 1 mM
tetrathiatriarylmethyl radical, CT-03 (TAM) [39,40] (Figure 3). The phantom consisted of
20 mm long clusters of capillary tubes of 1.3 mm ID (A), 0.9 mm ID (B), 0.5 mm ID (C), 2
tubes of 6 mm ID with TAM surrounding voids from packed 0.4 mm OD rods (D), 1 tube of
6 mm ID with TAM surrounding voids from packed 0.3 mm OD rods (E). The central 3
large tubes were arranged into a triangular shaped pattern, and all were packed into an 18
mm i.d. plastic cylinder. Images of this phantom demonstrated good sensitivity and accurate
coregistration for EPR and NMR modes (Figure 3).

B1 field homogeneity is a critical characteristic of resonator performance for imaging
applications. A specially constructed phantom similar to the geometry of the isolated rat
heart was imaged to further evaluate resonator performance and B1 field homogeneity. The
phantom was a 18 mm inner diameter 18 mm height cylinder with conical insert (Figure 4).
The cylinder was filled with an aqueous 1.0 mM solution of TAM in 30% normal saline 4 cc
volume This type of phantom loads the resonator similar to an isolated rat heart. The whole
phantom was visible in both modes showing sufficient active volume for the isolated rat
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heart experiment. The near uniform intensity of the images confirms good B1 homogeneity
of the resonator along all axes in both modes.

In order to evaluate the applicability of the resonator for biological applications, images of
isolated rat hearts infused with 1 mM TAM were performed (Figure 5). The hearts were
from male rats of about 350 g weight supplied from Charles River Laboratories
(Wilmington, MA). Imaging was performed on the EPR/NMR co-imaging system described
previously but the new dual resonator was used in place of the prior sliding resonator
assembly [11]. The dual resonator was positioned coaxially in the center of the gradients in
order to exclude the need for the moving stage as required in the earlier setup. The loaded
resonator was tuned for both frequencies prior to acquisition. The aortic cannula is identified
at the top of the vertical slices. The LV cavity is clearly seen as the central void and the two
imprints from plastic support tubes used to center heart in the resonator appear on the 3D
rendering. Good stability was observed in these studies enabling continued imaging for
periods of up to 3 hours. The present resonator coupling capabilities are limited by the single
gap electrical coupling design. Coupling capability could be improved two times with an
additional coupling feed. Also, the resonator diameter is limited to one quarter wave length
in the conductor, which is about 22 mm for the two gap LG resonator at 1.2 GHz. Thus, the
size and coupling was well suited for typical experiments in the isolated rat heart model.

DISCUSSION
While EPR imaging is a powerful technique capable of mapping the location of free radicals
in a variety of samples, for biomedical applications proton MRI coimaging is very helpful
providing critical and precise anatomic registration that is needed for interpretation of organ
specific free radical localization. In this report, we have presented a novel dual mode EPR/
NMR resonator design that allows the same resonator to perform both EPR and proton NMR
operation without moving resonator cables or switches. The resonator was designed to
enable EPR/NMR coimaging for isolated rat heart experiments. In EPR mode, the resonator
functions at 1.2 GHz as a one-loop two-gap resonator, electrically coupled through a half
wavelength inverter. In NMR mode at 16.2 MHz, it functions as a single turn coil. Using the
same loop for two modalities maximizes filling factor at both frequencies and prevents any
inadvertent movement that would cause errors of EPR and NMR co-imaging registration.

For broad band NMR applications a variety of dual frequency resonators have been
previously described that enable measurements of different nuclei such as 1H/19F, 1H/13C,
or others [18–20]. In these pure fixed field NMR applications the resonance frequencies for
the nuclei studied are typically relatively close differing by ≤ 3 fold so that simple
adjustment or change of the tuning capacitor can be used to achieve the second resonant
frequency. A prio double resonator design for EPRI and NMRI has been described in by
Alfonsetti et al. [14]. This design is for pulsed experiments with a frequency ratio of 660,
with both EPR and NMR performed at the same magnetic field. The described “composite
resonator” consists of a coaxial combination of a one-loop-two gap EPR resonator and
solenoidal coil NMR resonators. This setup has separate EPR and NMR parts. The drawback
of this approach is significant deterioration of NMR performance due to lowering of the
filling factor, which is caused by the increased diameter due to the EPR section inside the
NMR section. The closeness of the EPR section to the NMR section also lowers the NMR
section Q. More importantly, conductive sections from the EPR resonator are in the close
proximity to the sample inside the NMR coil and generate eddy currents induced by fast
switching MRI gradients, causing severe distortion of the NMR image [15]. We chose a
different approach by using the same loop for EPRI and MRI which is free from the above
weaknesses, giving the same filling factor for both modalities.
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For our EPR/NMR coimaging applications, the ratio between frequencies is ~ 74
considering L-band EPR at ~1200 MHz and 16.2 MHz proton MRI [11]. Our design once
appropriately tuned and coupled inherently enables both EPR and NMR operation without
any further adjustments. A prior report first demonstrated the concept of a dual frequency
transmission line/loop-gap resonator for CW EPR/CW MRI imaging with EPR at 680 MHz
and NMR at 27.7 MHz has been previously reported [32]. There are a number of differences
in our design concept and this earlier report. In contrast to our design that utilizes capacitive
coupling, this earlier design used a magnetic coupling mechanism for both frequencies that
can be vibration-prone and not compatible with standard pulsed MRI due to interaction with
the gradient pulses. This design was only utilized for CW proton MRI, and as such was not
suitable to produce high quality MRI data in biomedical applications. It also required
movement and replacement of the RF source cable and changes in coupling adjustments to
transition from EPR to NMR mode, while our design does not.

Our dual resonator design was shown in a series of phantoms and isolated heart experiments
to be well suited for high quality EPR imaging and proton MRI enabling dual mode image
acquisition with a high degree of accuracy in image registration. The independent EPR and
NMR operation with no need for resonator adjustment in shifting modes, facilitated rapid
transition from NMR to EPR operation and, along with the common field gradients used,
enabled precise image registration. The common resonator loop allowed a high filling factor
in both modes with relatively high Q providing good sensitivity for both EPR and proton
MRI, comparable to other optimized resonators suitable for this sample size. Although the
resonator was tested for PMRI/CW EPRI coimaging applications, we do not see any
fundamental limitations for adaptation of this design approach for DNP experiments.
However, some redesign to improve heat dissipation will be necessary. Higher power EPR
irradiation is required for DNP/PEDRI compared to CW EPR imaging.

CONCLUSION
The dual frequency resonator for EPR/NMR coimaging allows both EPR and proton NMR
operation without moving cables or switches on the resonator, reducing sample disturbances
and total experiment time. With the same sample volume for NMR and EPR, filling factor
can be optimized for both modes. Sensitivity, and image contrast and resolution was
comparable to traditional separate EPR and NMR resonators. Effective high quality EPRI
and MRI images of isolated hearts were obtained with intrinsic precise co-registration.
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Figure 1.
(A) Layout of the dual mode EPR/NMR resonator (Resonator assembly). A, 19 mm wide
capacitive element; B, 7 mm wide transmission line element; C, connection plates, D,
resonator body; E, through hole; F, slot, 1.15 mm depth; G, coaxial cable, 1 mm diameter;
H, 22 mm cylindrical bore for the sample; I, conductive short element (EPR side); K, 800
pF capacitor connection, and NMR feed connection (MRI side). L. 0.2 pF capacitor
connection to coaxial cable (EPR side). (B) Photo of dual mode EPR/NMR resonator
showing modulation coils assembly on either side of the resonator. M, modulation coil; O,
spacers; N, modulation coil mounting plates; D, resonator body. Tuning and coupling
variable capacitors are omitted from the drawings.
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Figure 2.
(A) Line drawing of the conductive elements of the resonator. A, 19 mm wide capacitive
element; B, transmission line element; C, connection plates, G, coaxial cable; I, conductive
short element (EPR side); K, 800 pF capacitor connection, and NMR feed connection (MRI
side). L. 0.2 pF capacitor connection to coaxial cable (EPR side). (B) Functional diagram of
dual mode resonator assembly. (C) Equivalent circuit of the dual mode EPR/NMR
resonator: Lg,- inductance of the half 22 mm in diameter loop. Cg, capacitance of the 19 mm
wide gap of the main resonator; Rg - resistance of the main loop conductor and loss inside
the sample; Lt – equivalent distributional inductance of the 7 mm width transmission lines;
Ct - equivalent distributional capacitance of the 7 mm width transmission lines; RT -
equivalent distributional resistance of the 7 mm wide transmission lines; C1 and C2 –
equivalent capacitive divider of the coupling circuit.
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Figure 3.
A. Middle slice of 3D proton NMR image; B. Corresponding slice of 3D EPR image. C.
Superposition of A and B. Phantom was constructed from tubes containing 1 mM TAM. The
phantom consisted of 20 mm long clusters of capillary tubes of 1.3 mm ID (A), 0.9 mm ID
(B), 0.5 mm ID (C), 2 tubes of 6 mm ID with TAM surrounding voids from packed 0.4 mm
OD rods (D), 1 tube of 6 mm ID with TAM surrounding voids from packed 0.3 mm OD
rods (E). The central 3 large tubes were arranged into a triangular shaped pattern, and all
were packed into an 18 mm i.d. plastic cylinder. Images of this phantom demonstrate good
sensitivity and accurate co-registration for EPR and NMR images. The parameters used for
the EPRI acquisition: frequency 1.1 GHz, microwave power ~20 mW, modulation amplitude
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0.03 mT at 100 kHz, field gradient 0.1 T/m, projection scan time 1.3 sec, 46×46 projections
FOV 32×32 mm. 3D MRI images were collected using a conventional gradient echo pulse
sequence with the imaging parameters: 1H resonance frequency = 16.1805 MHz, spectral
width = 10 kHz, TE/TR = 13/1000 ms, FOV = 32 mm, FOV in slice selection direction = 32
mm, Matrix size = 128 × 128 × 32, image orientation - axial, number of average = 1.
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Figure 4.
Cylindrical phantom OD=19 mm with conical insert filled with 1 mM TAM. Row A shows
MRI slices with axial (1), sagittal (2) and coronal (3) orientations. Row B shows the
corresponding EPRI slices. Row C shows the superimposed images from A and B for each
view. The parameters used for the EPRI acquisition: frequency 1.1 GHz, microwave power
~ 20 mW, modulation amplitude 0.03 mT at 100 kHz, field gradient 0.1 T/m, scan time 1.3
sec, FOV 32×32×32 mm 48×48 projections. The parameters for MRI: 1H resonance
frequency = 16.1805 MHz, spectral width = 10 kHz, excitation sinc pulse (pulse length = 2
ms, bandwidth = 3 kHz) flip angle = 90°, TE/TR = 13/1000 ms, FOV = 32 mm, FOV in
slice selection direction = 32 mm, image orientation - axial, matrix size = 128 × 128 × 32,
number of average = 1.
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Figure 5.
Images of the isolated rat heart perfused with 1 mM TAM. Row A shows MRI slices with
axial (1), sagittal (2) and coronal (3). Row B shows the corresponding axial, sagittal and
coronal EPRI slices. Row C shows the superimposed images from A and B for each view.
Additionally, on each row a 3-dimensional surface rendering of the MRI, EPRI signal matrix
and the corresponding superimposed matrix are shown (4). The parameters used for the
EPRI acquisition: frequency 1.1 GHz, microwave power ~20 mW, modulation amplitude
0.03 mT at 100 kHz, field gradient 0.1 T/m, scan time 1.3 sec, FOV 32×32×32 mm, 24×24
projections. The parameters for 3D gradient echo MRI: 1H resonance frequency = 16.1805
MHz, spectral width = 10 kHz, excitation sinc pulse (pulse length = 2 ms, bandwidth = 3
kHz) flip angle = 90°, TE/TR = 13/1000 ms, FOV = 32 mm, FOV in slice selection direction
= 32 mm, image orientation - axial, matrix size = 128 × 128 × 32, number of average = 1.
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