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Resonators suitable for time-domain electron paramagnetic res-
onance spectroscopy and imaging at a radiofrequency capable of
accommodating experimental animals such as mice are described.
Design considerations included B1 field homogeneity, optimal Q,
spectral bandwidth, resonator ring-down, and sensitivity. Typi-
cally, a resonator with 25-mm diameter and 25-mm length was
constructed by coupling 11 single loops in parallel with a separa-
tion of 2.5 mm. To minimize the resonator ring-down time and
provide the necessary spectral bandwidth for in vivo imaging
experiments, the Q was reduced predominantly by overcoupling.

apacitative coupling was utilized to minimize microphonic ef-
ects. The B1 field in the resonator was mapped both radially and

axially and found to be uniform and adequate for imaging studies.
Imaging studies with phantom objects containing a narrow-line
spin probe as well as in vivo objects administered with the spin
probe show the suitability of these resonators for valid reproduc-
tion of the spin probe distribution in three dimensions. The fabri-
cation of such resonators is simple and can be scaled up with
relative ease to accommodate larger objects as well. © 2000 Academic

Press

INTRODUCTION

Electron paramagnetic resonance (EPR) spectroscop
direct and sensitive technique for detecting paramagnetic
cies such as free radicals. With the increasing importan
free radicals in biology, EPR spectroscopy is used to un
stand the basic mechanisms of several disease processe
putative free radical pathways (1). EPR imaging can be impl
mented forin vivo biological studies (2), using physical prin
ciples similar to those of magnetic resonance imaging (M
(3). Recent studies have reported on the EPR imaging of i
objects such as isolated organs as well as experimental an
to detect endogenously generated free radicals as well a
spatial distribution of exogenously administered free rad
(4–9). Such experiments have established the capabili
EPR imaging to provide valuable physiological informa
such as tissue oxygen status as well as tissue redox
(5, 10, 11). Obtaining such information noninvasively is
importance in characterizing pathological states as we
guiding effective treatments, making EPR imaging a po
1681090-7807/00 $35.00
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tially useful tool in diagnostic radiology (10). Several studie
have obtained useful physiological information using
probes such as nitroxides and particulates such as glucos
and India ink, (8, 12–14). The linewidths of these compoun
are in the 0.5–5 G range requiring the use of continuous
(CW) EPR detection since the transverse relaxation timeT2 is
n the order of 250–50 ns.

With the recent availability of biologically compatible, no
oxic, water-soluble spin probes exhibiting a single-line E
pectrum with oxygen-dependent linewidth in the rang
0–200 mG, time-domain EPR techniques are receivin
reasing attention because of the sensitivity inherent to
ulsed EPR techniques as well as minimal artifacts assoc
ith object motion (15–19). In addition, substantially short

imes for a three-dimensional imaging experiment (,5 min)
ompared to CW EPR imaging (25–30 min) make it possib
ollect several three-dimensional images after administr
f the spin probe and thereby allow monitoring of pharm
inetic data. The feasibility of performingin vivo imaging
xperiments using time-domain radiofrequency (RF) EPR
een shown at 300 MHz by administering water-soluble
rylmethyl (TAM)-based paramagnetic spin probes to m
nd examining regional anatomies (16). Subsequent effor
ave been directed to: (1) provide capability to study w
nimals (17); and (2) evaluate receiver configurations and
cquisition methodologies to enhance sensitivity (20). In this
aper, design considerations for a resonator capable of a
odating an experimental animal such as a mouse ar

cribed with emphasis on B1 field homogeneity, minimiza
f dead time, efficient utilization of RF power, and optim
pectral bandwidth. Imaging data from phantom objects
rom in vivo experiments are presented.

RESONATOR DESIGN CONSIDERATION

Resonator Ring-Down Time, Sensitivity, and Spectral
Bandwidth

For the detection of a paramagnetic spin probe with pu
EPR, the time-domain response after a pulsed excitation s
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169TIME-DOMAIN EPR IMAGING OF BIOLOGICAL OBJECTS
be longer than the recovery time of the spectrometer.
recovery time of a time-domain EPR spectrometer depen
the resonator ring-down time and the receiver recovery
associated with the overload of the preamplifier. A par
resonant circuit with inductanceL, capacitanceC, and resis
tanceR has a ringing transient of angular frequencyvr and

ecay time constanttr given, respectively, by

v r 5 v0@1 2 1/~4Q2!# 0.5 [1]

and

t r 5 2Q/v0, [2]

wherev 0 5 (LC)20.5 and Q 5 R/(v 0 L). For an 80-W RF
pulse input, about 16 time constants oftr are required for th
ringing transient to decay below the level of the time-dom
response of the spin probe to permit detection. Hence
receiver dead time may be approximately given by (21)

td , 32Q/v0. [3]

The dead time is inversely related to the carrier frequency
[3]) and hence might be a serious problem for the succe
detection of the time-domain responses at RF from spin p
which have spin–spin relaxation times (T2) less than 1ms. For
a resonator tuned to 300 MHz with aQ of 25 and a bandwidt
of 12 MHz, following the trailing edge of the RF pulse of 80
peak power, the receiver will be in the overload condition
hence will be “dead” for about 425 ns. Therefore, unlike
X-band and higher frequencies, where time-domain respo
from nitroxides have been collected using highQ cavity res
onators, detection of EPR signals from fast relaxing
probes might not be feasible at RF frequencies. Similar rea
preclude the use of highQ resonators typically used in MR
However, Q cannot be significantly lower since the S
(signal to noise ratio) is proportional toQ as well and i
given by

SNR } ~VQ! 0.5, [4]

whereV is the resonator volume.
The SNR spectrum obtained from a signal-averaged

induction decay (FID) is given by (22)

SNRa~2MNKQ! 0.5exp~2td/T*2!, [5]

hereM is the number of samples in an FID,N is the numbe
f FIDs averaged,K is the duty cycle of the receiver,td is the

dead time, andT*2 is the spin–spin relaxation time of the s
robe. From Expression [5], it can be seen that SNR is dir
elated toQ0.5 and inverse exponentially related totd. There-

fore, the decrease in SNR by using lowerQ might be more tha
e
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ompensated by the reduced dead time. Additionally, op
of a resonator might be determined by the spectral prop

f the paramagnetic spin probe being investigated and is
y (23)

Qopt 5 v0~T*2/64!. [6]

For a homogeneously broadened Lorentzian EPR ab
tion,

T*2 5 1/pDB, [7]

here DB is the linewidth of the resonance, expresse
frequency units (for free radicals withg 5 2, 1 G5 2.8 MHz).

For an EPR probe with a linewidth of 150 mG (typical of
TAM radicals),T*2 becomes 760 ns, thereby requiringQopt to
be approximately 22. For resonators withQ ranging betwee
20 and 25 and using a gradient of 1 G/cm in imaging ex
ments, the spectral bandwidth will be in the range of 12
MHz, providing the capability of imaging an object of 4-
maximum linear dimension. Based on these factors, cylind
resonators of 25-mm bore size and 25- to 50-mm length,
Q in the range of 20–25, have been chosen to accomm
experimental animals such as mice and study the distributi
spin probes with time-domain responses lasting for.1 ms.
NMR probes with recovery times in the order of 10ms have
been constructed by connecting two interspersed solen
coils in parallel (24, 25). In such a configuration at a giv
requency, these probes provide larger volume than single
robes. The minimization of dead time in these coils has
ttributed to the reduced inductance. While similar reson
ere used successfully in time-domain EPR imaging to im
mall volumesin vivo (16), this design was found to be n
uitable for studies of larger objects by keeping the induct
ow. Recently a submicrosecond resonator and receiver s
or time-domain EPR imaging at radiofrequency has b
escribed (26). This resonator could accommodate a maxim
olume of 55 ml. With the RF power available, pulses of
s duration were used for excitation of a phantom object fi
ith 1.5 g lithium phthalocyanine containing 1021 spins as

biomimetic phantom and imaging experiments were ca
out. However, such resonators might need larger band
(governed by pulse width andQ) to image intact biologica
objects. The resonators described in this study, consisti
several individual conducting elements coupled in para
have optimal sensitivity, acceptableB1 field homogeneity, an
short ring-down time, enabling whole-body imaging o
mouse.

EXPERIMENTAL

Spectrometer

The technical details of the time-domain RF EPR ima
spectrometer have been published elsewhere (17, 20). Briefly,
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170 DEVASAHAYAM ET AL.
the spectrometer consists of a transmitting arm, a rece
arm, and a resonator. RF pulses are delivered from the
mitting arm to the resonator through a diplexer. The trans
ting arm consists of a 300-MHz frequency source whic
derived from an 800-MHz oscillator. The 300 MHz is prope
gated to obtain pulses of required width, depending on
resonator volume. Pulse widths typically ranged betwee
and 160 ns. The pulse-modulated 300-MHz radiation is am
fied by two class A 100-W amplifiers. The outputs from
amplifiers were combined to obtain 160 W and delivered to
resonator through the diplexer; a 3-dB loss at the dipl
results in net power of 80 W at the resonator. The rece
arm collects the time-domain responses from the spin pro
the resonator after the receiver gate was opened 450 ns af
delivery of the power to the resonator. By this time the m
part of the ringing gets diminished to a level at which the si
from the spin probe can be recovered. However, the s
systematic ringing, present in the region of 450–650 ns, c
further minimized from the acquired FID by subtracting it fr
a signal collected in the absence of magnetic field. This b
down the overall dead time from 650 to 450 ns. The si
received at 300 MHz is amplified and mixed with a freque
of 350 MHz derived from the same 800-MHz source to ob
an intermediate frequency (IF) signal at 50 MHz containing
FID. The output from the mixer which is centered around
MHz is digitized by the 1 GS/s two-channel Analytek digitiz
For signal averaging, alternate pulses were applied 180°
of-phase with each other and the resulting responses
combined to reduce the systematic buildup of the spectrom
noise. The details of the digitizer/averager in the IF confi
ration have been described elsewhere (20).

esonator Construction

Figure 1A provides the electrical schematic diagram de
ng the various components of the resonator. For exam
esonator of 25-mm diameter was constructed with 11
lements, 2.5 mm apart to give a 25-mm height. The in

ance of each individual coil was measured to be 0.0936mH.
Under the absence of mutual coupling, the total induct
would be 0.0085mH. However, the experimentally measu
inductance was 0.049mH, due to mutual inductance betwe
individual coil elements (27). With the capacitance values

1 5 9.58 pF, C25 9.779 pF, and C35 14.26 pF, th
esonator could readily be tuned to the operating frequen
00 MHz.

Longitudinal B1 field. Figure 1B provides schematics
he coil positioning and winding. The resonator was buil
inding and supporting individual coil elements (AWG
ilver wire with circular cross section) on a lucite mandrel.
iameter of the individual loops and the length of the conn

ng leads were maintained equal to minimize phase erro
he RF energy delivered to the resonator. The interior o
oil was used to house the sample such that the cylindrica
ng
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of the resonator is maintained perpendicular toB0. The con
necting leads of the resonator to the tuning and matc
capacitors were supported by a dielectric supporter which
as insulation between the input and output leads. The res
structure and the tuning and matching capacitors were mo
on a copper-coated glass epoxy board. The resonato
energized through a semirigid cable.

Transversal B1 field. Resonator design supporting hom
enous fields transverse to the cylindrical axis of the p
permits access to the active volume of the resonator alon
axis of the main magnet; such a configuration is desirabl
in vivo imaging experiments. A resonator with such a con
uration can be constructed by winding the individual cond
ing elements running along the long axis of the lucite tub

The resonators are shielded with a copper sheet to redu
interference from extraneous sources. Several axial and
cal resonators with diameter in the range 15–50 mm and le
in the range 15–80 mm were constructed and tested. Th
pulse width at an RF power of 80 W varied between 45 and
ns for the active volume ranging from 8 to 100 cm3. In this
paper, however, we present the results from the longitudinB1

field resonators. The transverseB1 field resonator configuratio
will, of course, permit an easier handling of the anima
technical evaluation of such a resonator, its size–frequ
relationship, and comparison with bird cage resonator
comparable size, etc., are yet to be carried out and wi
reported subsequently.

RESULTS

Resonator Characteristics

Bandwidth. For a field gradient of 1.5 G/cm, the spa
dimensions of a 253 25 mm resonator sets an upper limit

FIG. 1. (A) The components of the LCR circuit that make up the reson
assembly. The values of C1 (tuning capacitor), C2 (coupling capacitor), a
(matching capacitor) depend on the frequency and dimensions of the co
Schematics of the parallel coil resonator with the RF magnetic axis co
with the cylindrical axis. This configuration will be useful for phantom stud
but will require loading small animals in a vertical orientation in a horizo
B0 field.
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171TIME-DOMAIN EPR IMAGING OF BIOLOGICAL OBJECTS
28.5 to the Q of the resonator, governed by the spec
bandwidth of 10.5 MHz, when the resonator is tuned to
MHz. Q can be reduced to the desired value either by res
damping or by capacitive overcoupling. It has been obse
that, for the same RF power, higherB1 fields are achieved fo
overcoupling (28). For example, the ratio of the signal inte
sities from an overcoupled resonator to a matched reso
(Q-spoiled) is given by

S(overcoupled)/S(matched)5 @2b/~1 1 b!# 0.5, [8]

whereb is the coupling coefficient (21). Hence, in the prese
study,Q damping was carried out by capacitive overcoup

rimarily. Additionally, a resistance (3.3 kohm) in parallel w
sed to reduceQ whenever it was not possible by sol
vercoupling. Figure 2A shows the typical arrangement foin
ivo experiments as well as phantom imaging studies.
esonator is placed in the active volume of the magnet/gra

FIG. 2. (A) Cartoon of a mouse placed in the parallel coil resonator.
dimensions of the coil used in murine studies allow the placing of the a
transverse to the field and infusion of drugs and anesthetics while the a
is inside the assembly. (B) The RF reflectance profiles of the 253 25 mm
parallel coil resonator tuned to 300 MHz with an overcoupledQ of around 20
It can be seen that loading the resonator to nearly 90% capacity with
solution does not change theQ or the frequency appreciably. In presence of
mouse a marginal increase inQ was observed.
l
0
ve
ed

tor

g
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nt

oil assembly. Figure 2B shows theQ-profiles of an empt
esonator tuned to 300 MHz, when adjusted to a spe
andwidth of 15 MHz. Figure 2B also shows the effec

oading the resonator with 20 ml saline solution and a
ouse of 20 g body wt. From theQ-profiles, it can be seen th

he resonator is sufficiently overcoupled such that there w
ignificant loading either by saline solution or by the ani
tself. In fact, a slight increase inQ was observed when t
nimal was placed in the resonator. TheQ was readjusted ba

to 20 to maintain the desired spectral bandwidth.

Ring-down time. Figure 3A shows the signal (an avera
of 100,000 time-domain responses) when a 80-W RF pul
70 ns duration was delivered to a 50-ohm dummy load.
ring-down time, which can be attributed to the spectrom
recovery independent of the resonator, was found to b
proximately 500 ns. Figure 3B shows the ring-down time o
parallel coil resonator tuned and matched to 300 MHz wh
transmit pulse of 80 W of identical duration was delive
With a resonator ofQ 20, a ring-down time of nearly 650
was observed in contrast to the 500 ns observed for the 50
termination. This result suggests that an additional 150
contributed to the receiver recovery by the parallel coil r
nator. This recovery time might be reduced further using pu
of shorter width or by active damping (26).

FIG. 3. (A) The plot of the receiver response after a 70-ns pulse (8
was transmitted to a 50-ohm load. The receiver gate was opened imme
after the transmit pulse. It can be seen that the ringing of the circuit, inc
of preamplifier recovery, is around 500 ns. (B)The receiver response as
but this time the 50-ohm load is replaced by the parallel coil resonatorQ
around 20. It can be seen that the ringing time has now increased to a t
650 ns after the trailing edge of the pulse. In both the figures, thex-axis origin
corresponds to time “zero” after the transmit pulse.
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172 DEVASAHAYAM ET AL.
RF field. The flip angle in a single pulse experimen
given by

u 5 gB1tp, [9]

where t p is the RF pulse duration in seconds,B1 is the RF
magnetic field flux density in Gauss, andg is the gyromagnet
ratio, 1.76083 107 radians/s/G for ag 5 2 species. For a
80-W RF pulse (70 ns) corresponding to a 90° pulse deliv
to the resonator (matched as a 50-ohm load), the refl
power was measured to be 8 W, which corresponds to
input of 72 W. The flux density calculated from these va
corresponds to aB1 field of 1.2 G.B1 can also be calculate
from the inductance and the current and is given by

B1~T! 5 current~Amp! 3 ~inductance~H!/coil area~m2!!.

[10]

From the measured inductance of 0.049mH for the coil and th
coil dimensions (25 mm diameter), theB1 field is calculated t
be 1.76 G, which is comparable to that computed from
pulse width and the power.

RF field distribution. Homogeneity and magnitude of t
RF field in the resonator are critical factors for EPR imag
In order to examine theB1 field homogeneity in the parall
oil resonator prior to imaging experiments, EPR spe
ntensities of a point source paramagnetic species were
ured at various locations in the resonator. The solid ch
ransfer complex, N-methylpyridinium tetracyanoquinod
ethane (NMP-TCNQ), occupying a total volume of;5 ml,

with its EPR spectrum consisting of a single narrow line w
width of approximately 200 mG, was used (see Figs. 4A
4B). The volume occupied by NMP-TCNQ was theref
maintained less than the expected spatial resolution in the
image with the gradient strength used in imaging experim
and hence could be considered as a point source. By m
this point source radially and axially in steps of 1.5 mm, E
spectra were collected at each location to map theB1 field. The
variation of the spectral intensity of this point source
,10% axially and,5% radially within the volume of th
ylindrical resonator. A radial profile of theB1 field in the

middle of the resonator is shown in Fig. 4C. However, in
presence of imaging gradients the spectral profile is t
corrected usingQ-profile of the coil depending upon the f
quency bandwidth. This has a characteristic Gaussian p
centered around the carrier frequency. The so-calledQ-profile
can be mapped and was used to correct any offset depe
intensity changes in the images.

3D Imaging Experiments

Phantom imaging. In order to test the imaging capabilit
of the parallel coil resonators, phantom objects containing
d
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probes distributed in defined physical configurations were
ployed. One of the phantoms reported here is composed
lucite cylinder of 25-mm diameter which fits snugly in
parallel coil resonator. The schematics of the phantom an
laboratory axes are shown in Fig. 5A. Two holes (4
diameter) drilled in the lucite cylinder were filled with t
water-soluble spin probe TAM (1 mM) for imaging studi
The chemical structure and spectral properties of TAM
described in (29). The spectrum of TAM at 300 MHz consis

FIG. 4. (A) The FID of a sample of TCNQ occupying a volume of 5mL
at the center of a 253 25 mm parallel coil resonator following a 900 pul
TheQ of the resonator was 20. A total of 100,000 FIDs of 4 K record length
collected at a sampling rate of 1 Gs/s, were averaged (averaging time, 2
averaged FID shows an effective dead time of 450 ns after the backg
subtraction. (B) Fourier transform of the FID in (A) after apodization wi
Kaiser filter of order 5. The magnitude mode of the spectrum (sqrt (u2 1 v 2))
is shown, and this has a linewidth of 250 mG. (C) Using the above point s
of TCNQ the RF flux density was mapped in a radial plane at the middle
resonator perpendicular to the axis. This is shown as a 3D profile, wi
horizontal axis representing the measurement plane and the vertical axis
flux density in terms of the EPR line intensity. The RF flux was found t
uniform within 5% of the mean.
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173TIME-DOMAIN EPR IMAGING OF BIOLOGICAL OBJECTS
of a single narrow line atg 5 2, with a Lorentzian absorptio
linewidth of 170 mG. When the FIDs are processed in ma
tude mode this increases to 250 mG due to the admixtu
absorption and dispersion signals. The FID lasts up to 26
when the receiver gate was opened 600 ns following
trailing edge of the excitation pulse. This agrees with aT*2 of
670 ns calculated from the linewidth and the total expe
duartion of the FID of;3300 ns. It should be mentione

owever, that the duration of FID that can be acquired u
maging gradients of 1.2 G/cm is under 1000 ns due to
hortenedT* . With pulses of 70 ns width, image data w

FIG. 5. The 3D imaging performance of the longitudinal parallel coi
the holes of the X-shape bisecting they andz. The holes were filled with 800mL
the polar and azimuthal dimensions in steps of 15° corresponding to a
in the absence of the gradient was 170 mG. The three dimensional im
this figure, they-axis is the polar axis and thexz-plane is the azimuthal pla
workstation.
2

i-
of
ns
e

d

er
e

collected by summing 100,000 FIDs per projection. For e
projection, 4 K points of FIDs were collected after a dead-t
delay of approximately 600 ns with a sampling rate of 1G
The imaging gradient vector of amplitude 0.8 G/cm was
ented equally dispersed with the polar and azimuthal angu
andf) varying in equal steps of 15 corresponding to a tota
144 projections. The resulting time-domain signals were
tered using a digital Butterworth filter with a passband o
MHz centered around 50 MHz (zero-gradient resonance
quency), apodized using a Kaiser filter of order 5 and z
filled to 32 or 64 K before Fourier transform (FT). The spe

onator is summarized. The phantom consisted of a planar X-shaped d
M TAM in saline solution and were imaged with the gradient vector span

l of 144 projections. The gradient was 1.2 G/cm and the linewidth of theobe
s obtained after filtered back-projections are shown at some specific os. In
. The surface rendering is done using Voxelview in a Silicon Graphics
l res
1 m

tota
age
ne
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174 DEVASAHAYAM ET AL.
after FT were taken in absolute value mode for image pro
ing. The frequency range of all the projections correspon
to the volume of interest was adjusted to be within 128 or
points of an image window centered around 50 MHz in
digitized spectrum and used for image reconstruction u
filtered back-projection. The resulting images were sur
rendered using Voxelview in a Silicon Graphics Indigo2 wo
station. The various perspectives of the images obtaine
shown in Fig. 5B. The images correspond well with the p
ical dimensions of the phantom and represent the uni
distribution of the spin density. These results from the phan
studies suggest that the parallel coil resonators are suitab
detecting and imaging spin probe distribution in biolog
objects, provided that: (1) the spins have their time-dom
response lasting longer than the resonator ring-down time
ns); (2) the spin probe distribution can be spatially enco
with gradients of appropriate strength so as to accomm
the signals within the bandwidth provided by the resonator
(3) adequate concentration of the spin probes is available
resonator to achieve satisfactory SNR.

FIG. 6. Three dimensional EPR imaging of C3H mouse administere
nitiated immediately after the infusion of the spin probe. Prior to imag
esonator. The resonator sampled the animal from the neck to pelvic re

G/cm. The three dimensional image was obtained by filtered back-pr
s-
g
6
e
g
e
-
re
-
m
m
for
l
in
50
d
te
d
he

In vivo imaging. In order to test the feasibility of using t
parallel resonator forin vivo imaging, an anesthetized mou
was placed in a 253 50 mm resonator after tail vein cann
lation. The resonator was placed in the magnet/gradient a
bly as shown in Fig. 2A. The animal was intravenously
ministered with a 100-ml solution of a 20-mM TAM in isotoni
saline and the data collection was initiated. The FIDs w
collected and processed as outlined above. The image
spin probe distribution obtained from the mouse is show
Fig. 6. Based on the placement of the animal in the paralle
and the images obtained, several areas in the thoracic, a
inal, and pelvic regions could be recognized. The absen
image intensity from other regions could be a result of in
quate accumulation of the spin probe or faster relaxing t
domain responses corresponding to well-oxygenated reg
Based on the linewidth of the spin probe, resolution of
image was found to be in the millimeter range, consis
with the gradients used. These results suggest that the p
coil resonator provides valid representation of the spin p
in vivo.

travenously with the TAM spin probe (100ml, 20 mM). The image collection wa
, the animal was anesthetized using ketamine/xylazine mixture and pld in the
ns as shown in the cartoon. EPR projection data were collected usingt of
tion methods.
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175TIME-DOMAIN EPR IMAGING OF BIOLOGICAL OBJECTS
DISCUSSION

In vivo EPR spectroscopy and imaging, with the use
exogenous spin probes, have been employed to obtain va
physiological information such as tissue oxygen and re
status (4–9). Such information has been monitored as a fu
tion of treatment procedures to guide effective treatmen
well (10). These studies together have validated the capab

f EPR imaging as a potentially useful functional imag
odality. Most of these studies have used CW EPR met
here resonators of the loop–gap type (4, 5, 30), surface coi

31), or reentrant configuration (6) were advantageous to e
hance sensitivity. Recently available narrow-line spin pro
(16, 29, 32, 33) which are water soluble and nontoxic ha
provided the capability for EPR imaging to obtain high-re
lution spatial images. Moreover, these agents are amenab
in vivo studies with time-domain EPR imaging (17). Severa
factors need to be considered in the development of reson
for time-domain EPR imaging methodology forin vivo appli-
cations. While in MRI, the frequency bandwidth is in the or
of ,20 kHz to obtain high-resolution images of large-s
objects, in EPR the required bandwidth is at least 10 MHz
for a resonator of 25-mm bore size. Desirable features
resonator for such time-domain EPR applications are: (1)
ity to accept narrow and intense pulses and convert tB1

efficiently; (2) short resonator ring-down time; (3) optim
Q-profiles with adequate spectral bandwidth for imaging s
ies; (4) adequateB1 field homogeneity; and (5) ability to b
scaled up for larger objects. When field gradients of 1 G/cm
used, a spectral band width of at least 10–12 MHz is nee
Therefore, pulses of width no more than 100 ns should be
to provide an excitation bandwidth of 10–12 MHz. The pu
RF EPR images obtained from phantoms of defined phy
architecture containing the spin probes show good corre
dence in terms of the dimension as well as uniformity of im
intensity. In vivo pulsed RF EPR imaging experiments fr
mice administered with the spin probe could, in princi
provide images with resolution in the millimeter range.
present study shows that pulsed RF EPR imaging ca
performed in live objects of moderate size and impor
physiological information can be collected. The parallel c
pling of coil elements enables the scaling up of the vol
without a significant increase in the overall inductance.
helps in the construction of large-volume resonators at freq
cies around 200–300 MHz without drastic changes in
values of the tuning and matching capacitors. The use
judicious combination of overcoupling and resistive dam
produces the desired lowQ, short dead-time, and broad ba
width required in resonators for pulsed RF EPR imagin
intact biological objects. In this article, the parallel coil re
nators which have been described and evaluated forin vivo
imaging may well be an attractive alternative to bird-ca
solenoidal, and loop–gap resonators in magnetic reson
imaging. TheB field homogeneity has been found to
1
f
ble
x
-
as
es

ds

s

-
for

ors

r

n
a

il-

l
-

re
d.
ed
d
al
n-
e

,
e
be
t
-
e
is
n-
e
a

g

f
-

,
ce

suitable for performing three-dimensional imaging exp
ments. The current resonator design is of particular adva
for studying large-size objects because the usable volum
be readily increased and the construction is inexpensive
relatively simple to fabricate.
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