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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 B, 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.
Capacitative coupling was utilized to minimize microphonic ef-
fects. The B, 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

tially useful tool in diagnostic radiologylQ). Several studies
have obtained useful physiological information using spi
probes such as nitroxides and particulates such as glucose ¢
and India ink, 8, 12-14. The linewidths of these compounds
are in the 0.5-5 G range requiring the use of continuous wa
(CW) EPR detection since the transverse relaxation imes

in the order of 250-50 ns.

With the recent availability of biologically compatible, non-
toxic, water-soluble spin probes exhibiting a single-line EPI
spectrum with oxygen-dependent linewidth in the range ¢
50-200 mG, time-domain EPR techniques are receiving i
creasing attention because of the sensitivity inherent to tl
pulsed EPR techniques as well as minimal artifacts associat
with object motion 15-19. In addition, substantially shorter
times for a three-dimensional imaging experimeq5(min)
compared to CW EPR imaging (25—-30 min) make it possible 1
collect several three-dimensional images after administratic
of the spin probe and thereby allow monitoring of pharmacc
kinetic data. The feasibility of performingn vivo imaging
experiments using time-domain radiofrequency (RF) EPR h
been shown at 300 MHz by administering water-soluble tr
arylmethyl (TAM)-based paramagnetic spin probes to mic

Electron paramagnetic resonance (EPR) spectroscopy iaral examining regional anatomie$6). Subsequent efforts

direct and sensitive technique for detecting paramagnetic spave been directed to: (1) provide capability to study whol
cies such as free radicals. With the increasing importanceafimals (7); and (2) evaluate receiver configurations and da
free radicals in biology, EPR spectroscopy is used to und@cquisition methodologies to enhance sensitivig) (In this
stand the basic mechanisms of several disease processes péffer, design considerations for a resonator capable of accc
putative free radical pathway4)( EPR imaging can be imple- modating an experimental animal such as a mouse are (
mented forin vivo biological studiesZ), using physical prin- scribed with emphasis on B1 field homogeneity, minimizatio
ciples similar to those of magnetic resonance imaging (MR®f dead time, efficient utilization of RF power, and optima
(3). Recent studies have reported on the EPR imaging of intspectral bandwidth. Imaging data from phantom objects ar
objects such as isolated organs as well as experimental aninfigs in vivo experiments are presented.

to detect endogenously generated free radicals as well as the
spatial distribution of exogenously administered free radicals
(4-9. Such experiments have established the capability of
EPR imaging to provide valuable physiological informatio'ﬁzesonator Ring-Down Time, Sensitivity, and Spectral

such as tissue oxygen status as well as tissue redox statysandwidth

(5, 10, 12. Obtaining such information noninvasively is of

importance in characterizing pathological states as well asFor the detection of a paramagnetic spin probe with pulse
guiding effective treatments, making EPR imaging a pote&PR, the time-domain response after a pulsed excitation sho
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be longer than the recovery time of the spectrometer. Thempensated by the reduced dead time. Additionally, optim
recovery time of a time-domain EPR spectrometer depends @Qrof a resonator might be determined by the spectral properti
the resonator ring-down time and the receiver recovery tinoéthe paramagnetic spin probe being investigated and is giv
associated with the overload of the preamplifier. A parallély (23)
resonant circuit with inductande, capacitanceC, and resis-
tanceR has a ringing transient of angular frequenayand Qopt = wo(T%/64). [6]
decay time constant. given, respectively, by

For a homogeneously broadened Lorentzian EPR abso

. = o1 — 1/(4Q?]°* [y tion,

and % = 1/7AB, [7]
where AB is the linewidth of the resonance, expressed i
frequency units (for free radicals with= 2, 1 G= 2.8 MHz).
h _ 05 04O = R/ For an EPR probe with a linewidth of 150 mG (typical of the
wherew, = (LC) " andQ = R/(wo L). For an 80-W RF 5, radicals), T% becomes 760 ns, thereby requiri@g,, to

pulse input, about 16 time constantsmfare required for the be approximately 22. For resonators wihranging between
ringing transient to decay below the level of the time-doma and 25 and using a gradient of 1 G/cm in imaging exper

response of th_e spin probe 1o p‘?”“" det(_actmn. Hence fents, the spectral bandwidth will be in the range of 12-1
receiver dead time may be approximately given B§) ( MHz, providing the capability of imaging an object of 4-cm
maximum linear dimension. Based on these factors, cylindric
7q ~ 32Q/ wo. [31  resonators of 25-mm bore size and 25- to 50-mm length, wi
Q in the range of 20-25, have been chosen to accommod
The dead time is inversely related to the carrier frequency (E€kperimental animals such as mice and study the distribution
[3]) and hence might be a serious problem for the succességin probes with time-domain responses lasting fdr us.
detection of the time-domain responses at RF from spin prohegir probes with recovery times in the order of 8 have
which have spin—spin relaxation times,j less than Jus. For peen constructed by connecting two interspersed solenoi
a resonator tuned to 300 MHz withQof 25 and a bandwidth cojls in parallel 24, 25. In such a configuration at a given
of 12 MHz, following the trailing edge of the RF pulse of 80-Wrequency, these probes provide larger volume than single-c
peak power, the receiver will be in the overload condition argtobes. The minimization of dead time in these coils has be
hence will be “dead” for about 425 ns. Therefore, unlike &ittributed to the reduced inductance. While similar resonatc
X-band and higher frequencies, where time-domain responggsre used successfully in time-domain EPR imaging to ima
from nitroxides have been collected using hi@hcavity res- small volumesin vivo (16), this design was found to be not
onators, detection of EPR signals from fast relaxing spiiitable for studies of larger objects by keeping the inductan
probes might not be feasible at RF frequencies. Similar reasggg. Recently a submicrosecond resonator and receiver syst
preclude the use of higl resonators typically used in MRI. for time-domain EPR imaging at radiofrequency has bee
However, Q cannot be significantly lower since the SNRjescribedZ6). This resonator could accommodate a maximur
(signal to noise ratio) is proportional tQ as well and is yolume of 55 ml. With the RF power available, pulses of 30

7 = 2Ql w,, (2]

given by ns duration were used for excitation of a phantom object fille
with 1.5 g lithium phthalocyanine containing 2Gspins as a
SNRx (VQ) %, [4] biomimetic phantom and imaging experiments were carrie
out. However, such resonators might need larger bandwic
whereV is the resonator volume. (governed by pulse width an@) to image intact biological
The SNR spectrum obtained from a signal-averaged frebjects. The resonators described in this study, consisting
induction decay (FID) is given by2@Q) several individual conducting elements coupled in paralle
have optimal sensitivity, acceptalig field homogeneity, and
SNRa(2MNKQ) *Sexp(— 74/ T%), [5] short ring-down time, enabling whole-body imaging of &
mouse.

whereM is the number of samples in an FIN,is the number
of FIDs averagedK is the duty cycle of the receivet, is the
dead time, and™ is the spin—spin relaxation time of the spin
probe. From Expression [5], it can be seen that SNR is direc
related toQ°® and inverse exponentially related t@ There- The technical details of the time-domain RF EPR imagin
fore, the decrease in SNR by using lovi@might be more than spectrometer have been published elsewh&reZ0. Briefly,

EXPERIMENTAL

ectrometer
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the spectrometer consists of a transmitting arm, a receiving A Cq yr

arm, and a resonator. RF pulses are delivered from the trans- 1.

mitting arm to the resonator through a diplexer. The transmit- c T L R
. . . . 2

ting arm consists of a 300-MHz frequency source which is ]
derived from an 800-MHz oscillator. The 300 MHz is properly 7T Cs

gated to obtain pulses of required width, depending on the

resonator volume. Pulse widths typically ranged between 45

and 160 ns. The pulse-modulated 300-MHz radiation is ampli- B

fied by two class A 100-W amplifiers. The outputs from the

amplifiers were combined to obtain 160 W and delivered to the

resonator through the diplexer; a 3-dB loss at the diplexer

results in net power of 80 W at the resonator. The receiving

arm collects the time-domain responses from the spin probe in

the resonator after the receiver gate was opened 450 ns after tl&ﬁ;_ 1. (A) The components of the LCR circuit that make up the resonatc

delivery of the power to the resonator. By this time the maj@gsembly. The values of C1 (tuning capacitor), C2 (coupling capacitor), and

part of the ringing gets diminished to a level at which the signéhatching capacitor) depend on the frequency and dimensions of the cail. (

from the spin probe can be recovered. However, the Smﬁﬁwematics_ of.the pa_\rallel_ coll re_sona_tor W?th the RF magnetic axis co_axi

systematic ringing, present in the region of 450—650 ns, can ‘gﬁ'g‘ the cylindrical axis. This configuration will be useful for phantom studies
L . . ut will require loading small animals in a vertical orientation in a horizonta

further minimized from the acquired FID by subtracting it frongfieiq.

a signal collected in the absence of magnetic field. This brings

down the overall dead time from 650 to 450 ns. The signgt .o resonator is maintained perpendiculaBto The con-

received at 300 MHz is amplified and mixed with afrequenc];{ecting leads of the resonator to the tuning and matchir

of 35t0 MHz_dten;/ed from thIerame &?O?-Sh(/)ll-':/lesourcet t_o _Obtf[i'@apacitors were supported by a dielectric supporter which a
an intermediate frequency (IF) signal a £ containing rﬁs insulation between the input and output leads. The resulti

E/:E' : '_I'hde_ q?tptétgrotrrr]\ tgeGn;}Xi\rNWh'ﬁh IS (ii?telretd lfg_)u_?_d 5 ructure and the tuning and matching capacitors were moun
Z1s digitized by the S two-channel Analylek digitizery, , 5 copper-coated glass epoxy board. The resonator v
For signal averaging, alternate pulses were applied 180°

O<'-:f'ﬁ'ergized through a semirigid cable.

of-phase with each other and the resulting responses wer |Bfield. R tor desi ting h
combined to reduce the systematic buildup of the spectromete ransversa Bfield. Resonator €sign supporting homog
nous fields transverse to the cylindrical axis of the prok

noise. The details of the digitizer/averager in the IF config&- i o th i | fth tor al ‘

ration have been described elsewhe&®).( permits access 1o the active volume ot Ih€ resonator along
axis of the main magnet; such a configuration is desirable f

in vivo imaging experiments. A resonator with such a config

uration can be constructed by winding the individual conduc

Figure 1A provides the electrical schematic diagram depidfld €lements running along the long axis of the lucite tube.
ing the various components of the resonator. For example alhe resonators are shielded with a copper sheet to reduce
resonator of 25-mm diameter was constructed with 11 cdnterference from extraneous sources. Several axial and ve
elements, 2.5 mm apart to give a 25-mm height. The induéal resonators with diameter in the range 15-50 mm and len
tance of each individual coil was measured to be 0.0986 in the range 15-80 mm were constructed and tested. The ¢
Under the absence of mutual coupling, the total inductanBdlse width atan RF power of 80 W varied between 45 and 1¢
would be 0.0085.H. However, the experimentally measureds for the active volume ranging from 8 to 100 trin this
inductance was 0.048H, due to mutual inductance betweerPaper, however, we present the results from the longitudnal
individual coil elements47). With the capacitance values offield resonators. The transvei3efield resonator configuration
Cl = 9.58 pF, C2= 9.779 pF, and C3= 14.26 pF, the will, of course, permit an easier handling of the animal. /

resonator could readily be tuned to the operating frequencytgghnical evaluation of such a resonator, its size—frequen
300 MHz. relationship, and comparison with bird cage resonators

fr:omparable size, etc., are yet to be carried out and will t
geported subsequently.

Resonator Construction

Longitudinal B field. Figure 1B provides schematics o
the coil positioning and winding. The resonator was built b
winding and supporting individual coil elements (AWG 26
silver wire with circular cross section) on a lucite mandrel. The
diameter of the individual loops and the length of the Connecf-rz'esonator Characteristics
ing leads were maintained equal to minimize phase errors in
the RF energy delivered to the resonator. The interior of theBandwidth. For a field gradient of 1.5 G/cm, the spatial
coil was used to house the sample such that the cylindrical adimensions of a 25< 25 mm resonator sets an upper limit of

RESULTS
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coil assembly. Figure 2B shows tlg-profiles of an empty
resonator tuned to 300 MHz, when adjusted to a spectt
bandwidth of 15 MHz. Figure 2B also shows the effect o
loading the resonator with 20 ml saline solution and a liv
mouse of 20 g body wt. From th@-profiles, it can be seen that
the resonator is sufficiently overcoupled such that there was
significant loading either by saline solution or by the anime
itself. In fact, a slight increase i was observed when the
animal was placed in the resonator. Tavas readjusted back
to 20 to maintain the desired spectral bandwidth.

Ring-down time. Figure 3A shows the signal (an average
of 100,000 time-domain responses) when a 80-W RF pulse
70 ns duration was delivered to a 50-ohm dummy load. Tt
ring-down time, which can be attributed to the spectromet
recovery independent of the resonator, was found to be &
proximately 500 ns. Figure 3B shows the ring-down time of th
parallel coil resonator tuned and matched to 300 MHz when
transmit pulse of 80 W of identical duration was deliverec
With a resonator of) 20, a ring-down time of nearly 650 ns
was observed in contrast to the 500 ns observed for the 50-0
termination. This result suggests that an additional 150 ns
contributed to the receiver recovery by the parallel coil res
nator. This recovery time might be reduced further using puls:
of shorter width or by active dampin@®).

Gradient coils  capacitors
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FIG. 2. (A) Cartoon of a mouse placed in the parallel coil resonator. The

dimensions of the coil used in murine studies allow the placing of the animal
transverse to the field and infusion of drugs and anesthetics while the animal

is inside the assembly. (B) The RF reflectance profiles of the<2%% mm
parallel coil resonator tuned to 300 MHz with an overcoupledf around 20.

It can be seen that loading the resonator to nearly 90% capacity with saline
solution does not change teor the frequency appreciably. In presence of the

mouse a marginal increase @ was observed.

28.5 to theQ of the resonator, governed by the spectral

bandwidth of 10.5 MHz, when the resonator is tuned to 300
MHz. Q can be reduced to the desired value either by resistive
damping or by capacitive overcoupling. It has been observed 2

that, for the same RF power, highBy fields are achieved for

overcoupling 28). For example, the ratio of the signal inten-
sities from an overcoupled resonator to a matched resonator

(Q-spoiled) is given by

S(overcoupledss(matched): [ZB/(J— + B)] 0'51 [8]

wherep is the coupling coefficient2l). Hence, in the present
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FIG. 3. (A) The plot of the receiver response after a 70-ns pulse (80 W\

study, Q damping was carried out by capacitive overcouplingas transmitted to a 50-ohm load. The receiver gate was opened immedia
primarily. Additionally, a resistance (3.3 kohm) in parallel waagfter the transmit pulse. It can be seen that the ringing of the circuit, inclusi

used to reduce) whenever it was not possible by solely? Preamplifier recovery,

overcoupling. Figure 2A shows the typical arrangementrior

is around 500 ns. (B)The receiver response as in (;
but this time the 50-ohm load is replaced by the parallel coil resonat@ of
around 20. It can be seen that the ringing time has now increased to a tota

vivo experiments as well as phantom imaging studies. Tgg ns after the trailing edge of the pulse. In both the figurestes origin
resonator is placed in the active volume of the magnet/gradieniresponds to time “zero” after the transmit pulse.
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given by

04

9 = 'yBltpy [9]

0.0

wheret, is the RF pulse duration in secondd, is the RF
magnetic field flux density in Gauss, agds the gyromagnetic
ratio, 1.7608% 10’ radians/s/G for ay = 2 species. For an -0.8

-0.4

Signal (volts)

RF field. The flip angle in a single pulse experiment is A 0.8 m
0

2000 3000
80-W RF pulse (70 ns) corresponding to a 90° pulse delivered 1000 4000

to the resonator (matched as a 50-ohm load), the reflected Time (ns)
power was measured to be 8 W, which corresponds to a netB @ 4000
input of 72 W. The flux density calculated from these values g SOOOi I T B D R
corresponds to 8, field of 1.2 G.B, can also be calculated R I (R o
from the inductance and the current and is given by :‘f’, 2000 I 1

- AU RS NN B I SRS SO

By(T) = current(Amp) X (inductanceH)/coil area(m?)). g 1000 [~ B R A
[10] £ 0

- 35 40 45 50 55 60 65

From the measured inductance of 0.g49 for the coil and the Frequency (MHz)

coil dimensions (25 mm diameter), tBe field is calculated to
be 1.76 G, which is comparable to that computed from th@
pulse width and the power.

RF field distribution. Homogeneity and magnitude of the
RF field in the resonator are critical factors for EPR imaging.
In order to examine th®&, field homogeneity in the parallel
coil resonator prior to imaging experiments, EPR spectral 2 200

—~
0

sity (arb. unit

intensities of a point source paramagnetic species were meag 0 D
sured at various locations in the resonator. The solid charge— 0 20 0 &
transfer complex, N-methylpyridinium tetracyanoquinodi- 30 40 ‘5\.\9

. X-axj J
methane (NMP-TCNQ), occupying a total volume 66 pul, axis (mm) 3\
with its EPR spectrum consisting of a single narrow line with G 4. (A The FID of e of TCN i |
width of approximately 200 mG, was used (see Figs. 4A and 'S 4 (A The FID of a sample of TENQ occupying & volume of&

. at the center of a 2% 25 mm parallel coil resonator following a 900 pulse.
4B)_' The volume occupied by NMP'TCNQ WQS t_hereforeheQ of the resonator was 20. A total of 100,000 FIOsAK record length,
maintained less than the expected spatial resolution in the Ediected at a sampling rate of 1 Gs/s, were averaged (averaging time, 2's)."
image with the gradient strength used in imaging experimersgraged FID shows an effective dead time of 450 ns after the backgrou
and hence could be considered as a point source. By movﬁq@traction. (B) Fourier transform of the FID in (A) after apodization with &

. . . . - iser filter of order 5. The magnitude mode of the spectraqri((u® + v?))
this point source radially and axially in steps of 1.5 mm, EI:)Eashown, and this has a linewidth of 250 mG. (C) Using the above point sour

spe_ctra were collected at e_aCh |Qcati0n to_ maF_ﬂhﬁeld- The of TCNQ the RF flux density was mapped in a radial plane at the middle of tf
variation of the spectral intensity of this point source wagsonator perpendicular to the axis. This is shown as a 3D profile, with t
<10% axially and<5% radially within the volume of the horizontal axis representing the measurement plane and the vertical axis the
cylindrical resonator. A radial profile of thB, field in the flux density in terms of the EPR line intensity. The RF flux was found to b
. . . . . i ithi 9

middle of the resonator is shown in Fig. 4C. However, in thg"orm within 5% of the mean.

presence of imaging gradients the spectral profile is to be

corrected usmgp—proﬁlg of the coll dependmg upon Fhe fre- obes distributed in defined physical configurations were er
quency bandwidth. This has a characteristic Gaussian proﬁ(

. . %yed. One of the phantoms reported here is composed o
centered around the carrier frequency. The so-caliguiofile |, o o iinder of 25-mm diameter which fits snugly in the
can bg mapped and was used to correct any offset depen%ea%”el coil resonator. The schematics of the phantom and t
intensity changes in the images. laboratory axes are shown in Fig. 5A. Two holes (4 mn
diameter) drilled in the lucite cylinder were filled with the
water-soluble spin probe TAM (1 mM) for imaging studies
Phantom imaging. In order to test the imaging capabilitiesThe chemical structure and spectral properties of TAM ai

of the parallel coil resonators, phantom objects containing spglescribed inZ9). The spectrum of TAM at 300 MHz consists

3D Imaging Experiments
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FIG. 5. The 3D imaging performance of the longitudinal parallel coil resonator is summarized. The phantom consisted of a planar X-shaped drilli
the holes of the X-shape bisecting thandz. The holes were filled with 80@L 1 mM TAM in saline solution and were imaged with the gradient vector spanni
the polar and azimuthal dimensions in steps of 15° corresponding to a total of 144 projections. The gradient was 1.2 G/cm and the linewidth obbee sg
in the absence of the gradient was 170 mG. The three dimensional images obtained after filtered back-projections are shown at some specificlarie
this figure, they-axis is the polar axis and thez-plane is the azimuthal plane. The surface rendering is done using Voxelview in a Silicon Graphics Ind
workstation.

of a single narrow line aj = 2, with a Lorentzian absorption collected by summing 100,000 FIDs per projection. For eac
linewidth of 170 mG. When the FIDs are processed in magrprojection 4 K points of FIDs were collected after a dead-time
tude mode this increases to 250 mG due to the admixturedsflay of approximately 600 ns with a sampling rate of 1Gs/
absorption and dispersion signals. The FID lasts up to 2600 Tise imaging gradient vector of amplitude 0.8 G/cm was or
when the receiver gate was opened 600 ns following tleated equally dispersed with the polar and azimuthal angles
trailing edge of the excitation pulse. This agrees witfitaof andd¢) varying in equal steps of 15 corresponding to a total
670 ns calculated from the linewidth and the total expectdd4 projections. The resulting time-domain signals were fi
duartion of the FID of~3300 ns. It should be mentioned,tered using a digital Butterworth filter with a passband of 2
however, that the duration of FID that can be acquired undgiHz centered around 50 MHz (zero-gradient resonance fr
imaging gradients of 1.2 G/cm is under 1000 ns due to tlygiency), apodized using a Kaiser filter of order 5 and zer:
shortenedT?. With pulses of 70 ns width, image data werdilled to 32 or 64 K before Fourier transform (FT). The spectr
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FIG. 6. Three dimensional EPR imaging of C3H mouse administered intravenously with the TAM spin prohel,(200mM). The image collection was
initiated immediately after the infusion of the spin probe. Prior to imaging, the animal was anesthetized using ketamine/xylazine mixturedaindtipace
resonator. The resonator sampled the animal from the neck to pelvic regions as shown in the cartoon. EPR projection data were collected using a ¢
1 G/cm. The three dimensional image was obtained by filtered back-projection methods.

after FT were taken in absolute value mode for image processin vivo imaging. In order to test the feasibility of using the
ing. The frequency range of all the projections correspondipgrallel resonator foin vivo imaging, an anesthetized mouse
to the volume of interest was adjusted to be within 128 or 25%6as placed in a 25 50 mm resonator after tail vein cannu-
points of an image window centered around 50 MHz in tHation. The resonator was placed in the magnet/gradient asse
digitized spectrum and used for image reconstruction usibty as shown in Fig. 2A. The animal was intravenously ac
filtered back-projection. The resulting images were surfaceinistered with a 10Qsl solution of a 20-mM TAM in isotonic

rendered using Voxelview in a Silicon Graphics Indigo2 worksaline and the data collection was initiated. The FIDs wel
station. The various perspectives of the images obtained ao#lected and processed as outlined above. The image of |
shown in Fig. 5B. The images correspond well with the physpin probe distribution obtained from the mouse is shown |
ical dimensions of the phantom and represent the uniforig. 6. Based on the placement of the animal in the parallel cc
distribution of the spin density. These results from the phantaand the images obtained, several areas in the thoracic, abdc
studies suggest that the parallel coil resonators are suitableif@, and pelvic regions could be recognized. The absence
detecting and imaging spin probe distribution in biologicamage intensity from other regions could be a result of inadt
objects, provided that: (1) the spins have their time-domaguate accumulation of the spin probe or faster relaxing tim
response lasting longer than the resonator ring-down time (6&@main responses corresponding to well-oxygenated regiol
ns); (2) the spin probe distribution can be spatially encod&hsed on the linewidth of the spin probe, resolution of th
with gradients of appropriate strength so as to accommodatege was found to be in the millimeter range, consistel
the signals within the bandwidth provided by the resonator; amdth the gradients used. These results suggest that the pare

(3) adequate concentration of the spin probes is available in tr@@l resonator provides valid representation of the spin prot
resonator to achieve satisfactory SNR. in vivo.
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DISCUSSION suitable for performing three-dimensional imaging expers
ments. The current resonator design is of particular advanta
In vivo EPR spectroscopy and imaging, with the use dér studying large-size objects because the usable volume ¢
exogenous spin probes, have been employed to obtain valudigereadily increased and the construction is inexpensive a
physiological information such as tissue oxygen and redoglatively simple to fabricate.
status 4—-9. Such information has been monitored as a func-
tion of treatment procedures to guide effective treatments as ACKNOWLEDGMENTS
well (10). These studies together have validated the capabilities
of EPR imaging as a potentially useful functional imaging We are grateful to Dr. Klaes Golman, Nycomed Innovations, Malmo
modality. Most of these studies have used CW EPR methaogeden, fc_)r the gene.roys gift of the triarylmethyl contrast'agent_s a_nd Y
where resonators of the Ioop—gap ty|zie5, 30' surface coil tlzhr:r;zsl—(ljizltr;?;on, Radiation Oncology Branch, NCI, for help in fabrication o
(31, or reentrant configuratiorbl were advantageous to en- ’
hance sensitivity. Recently available narrow-line spin probes
(16, 29, 32, 33 which are water soluble and nontoxic have
provided the capability for EPR imaging to obtain high-reso-

- L 1. B. Halliwell and J. M. C. Gutteridge, “Free Radicals in Biology and
lution spatial images. Moreover, these agents are amenable foredicine,” Oxford University Press, Oxford, pp. 416-509 (1989).

in vivo studies with time-domain EPR imaging?). Several . ; L Berlinerand H. Fujii, Magnetic resonance imaging of biological
factors need to be considered in the development of resonatorsspecimens by electron paramagnetic resonance of nitroxide spin
for time-domain EPR imaging methodology fior vivo appli- labels, Science 227, 517-519 (1985).
cations. While in MR, the frequency bandwidth is in the ordei3. P. C. Lauterbur, Image formation by induced local interactions:
of <20 kHz to obtain high-resolution images of Iarge-size Examples employing nuclear magnetic resonance, Nature 242,
objects, in EPR the required bandwidth is at least 10 MHz even 190-191 (1973).
for a resonator of 25-mm bore size. Desirable features of % E J. Halpem, D. P. Spencer, J. van Polen, M. K. Bowman, A. C.
. . L . elson, E. M. Dowey, and B. A. Teicher, Imaging radio frequency
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