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A time-domain radio frequencyf) electron paramagnetic resonan&PR spectrometer/imager
(EPRI) capable of detecting and imaging free radicals in biological objects is described. The
magnetic field was 10 mT which corresponds to a resonance frequency of 300 MHz for
paramagnetic species. Short pulses of 20—70 ns from the signal generator, with rise times of less
than 4 ns, were generated using high speed gates, which after amplification to 283 Vpp, were
deposited into a resonator containing the object of interest. Cylindrical resonators containing parallel
loops at uniform spacing were used for imaging experiments. The resonators were maintained at the
resonant frequency by tuning and matching capacitors. A parallel resistor and overcoupled circuit
was used to achiev@ values in the range 20—30. The transmit and receive arms were isolated using
a transmit/receive diplexer. The dead time following the trailing edge of the pulse was about 450 ns.
The first stage of the receive arm contained a low noise, high gain and fast recovery amplifier,
suitable for detection of spin probes with spin-spin relaxation timkg (n the order of us.
Detection of the induction signal was carried out by mixing the signals in the receiver arm centered
around 300 MHz with a local oscillator at a frequency of 350 MHz. The amplified signals were
digitized and summed usgjna 1 GHz digitizer/summer to recover the signals and enhance the
signal-to-noise ratiadSNR). The time-domain signals were transformed into frequency-domain
spectra, using Fourier transformatidfRT). With the resonators used, objects of size up to § cm
could be studied in imaging experiments. Spatial encoding of the spins was accomplished by
volume excitation of the sample in the presence of static field gradients in the range of 1.0-1.5
Gl/cm. The spin densities were produced in the form of plane integrals and images were
reconstructed using standard back-projection methods. The image resolution of the phantom objects
containing the spin probe surrounded by lossy biologic medium was better than 0.2 mm with the
gradients used. To examine larger objects at local sites, surface coils were used to detect and image
spin probes successfully. The results from this study indicate the potential of rf FT ERRvigo
applications. In particular, rf FT EPR may provide a means to obtain physiologic information such
as tissue oxygenation and redox status. 1898 American Institute of Physics.
[S0034-674808)05304-7

I. INTRODUCTION siderations of the penetration of EMR in biological
objects!™ EPR spectrometers have to be implemented in the
Free radicals are recognized to either participate in oradio frequency range fdan vivo studies.
actually cause many chronic as well as acute pathological With the development of loop gap resonators, based on
conditions. Therefore, techniques farvivo detection of free  lumped circuit design that provide optimgl and B;-field
radicals are receiving increasing attention. Electron paramagprofiles while minimizing the nonresonant absorptiom
netic resonancéEPR spectroscopy is one of very few tech- vivo EPR studies on lossy biologic samples were shown to
niques used to directly detect, characterize, and quantitafee feasible using continuous wat@w) techniques at rf and
paramagnetic species such as transition metal complexes @iicrowave frequencie®.’? Most of the spectrometers de-
free radicals. In the radio frequencsf) range, the incident scribed forin vivo applications acquire data by operating in
electromagnetic radiatiofEMR) adequately penetrates the the “frequency domain” of data acquisition, wherein at a
object under study with minimal nonresonant absorptionfixed frequency the magnetic field is swept to obtain an ab-
Therefore at these frequencies, EPRI holds the potential t§orption spectrum. Such techniques, called continuous wave

detect and image free radicals noninvasively. Based on cod€W) techniques do not impose any restriction on the spectral
or line width of the species under examination. However,
imaging studies using cw techniques are compromised be-
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in cw EPR, artifacts associated with sweep rates, magneti
field modulation, and power saturation can distort the spec-
tra. i M
To enhance the sensitivity of detection, frequency do-
main data acquisition techniques have been replaced ir || |
nuclear magnetic resonan@MR) by time-domain data ac-  |F*
quisition coupled with Fourier transformatidfT), exploit-
ing the Fellgett multichannel advantatjeSuch techniques
provide distinct advantages in terms of enhanced signal-to-
noise ratio(SNR), particularly in*H and *C NMR, where
the spectral line widths are in the Hz—kHz range correspond-
ing to spin-spin relaxation times in the order of s—ms. How-
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ever, such time-domain methods were found to be difficult to

implement in EPR because of the naturally broad resonancesJ‘;)M"ﬂI == Sy |

with spin-spin relaxation times in the order gfs—ns. In (A)

addition, the spectral windows required to study organic free

radicals are in the range of tens of MHz, requiring intense Transmit Pulse

pulses with widths of a few nanoseconds and very Rw e Eni)my pto the Diplexer

values for the resonators to accommodate the spectral banc ﬂ

width. In spite of such difficulties, pulsed EPR spectrometers  Diplexor Gate Pulse |—|

have been implemented to operate at frequencies suth as BT A o Dead time : 410

S, X, and W band for spectroscopic and imaging 840

experiment$?~1° However, the implementation of pulsed ReceiverGate—m,rso—

EPR methods at radiofrequenci@f for in vivo applications Averager Settling time : 250

is further complicated because of the following reasons: g S
(1) Narrow pulses are required to have broad spectral Averager Trigger — \75°

coverage. The narrow pulses should encompass severig, Alltimes are in Nano Seconds

L. Repetition frequency: 50 KHz

cycles of the incident frequency of the EMR to have reason-

able selectivity in excitation. _FIG. 1. (A) Blo_ck d_iagram .of the time-domain rf FT EPR spectrometer/
(2) Dead times associated with resonator ringing are iniMager-(B) Typical timing diagram of the spectrometer.

versely related to the frequency of operation. The dead time ] o ]

time2° and is expressed as report, a broadband time-domain EPR spectrometer suitable
for in vivo applications is described. This spectrometer has
T¢=n7=n(Q/2mv), been configured to utilize signal processing strategies re-

ported earlie? to avoid quadrature detection while retaining
the information on the sign of the signals. Details of the
spectrometer and some results from spectroscopic and imag-
ing experiments utilizing a resonator of 25 mm diameter and
';?5 mm height on phantom objects are described.

whereris the time constant of the resonator ringi@is the
quality factor of the resonator, and is the frequency of
operation, ana is the number of ringing time constants for
the receiver to arrive at thermal noise level. Useful data i
the time domain can be collected only after the input puls
power has decayed to the detector noise level. ARGO—
300 MH2 with 200 W input power,n would be approxi- Il. INSTRUMENTATION
mately 20-25 for &Q in the range of 25—30. Thus, with A. Spectrometer

weak signals, useful spectral data can be collected only after

a dead time ranging from 300 to 600 ns following the trailing if EPR spectrometer operating typically at 300 MHz. All the

Edg((es;);thii-zu:fner.elaxation times of most Spin brobes suchtiming signals were generated by a set of four daisy-chained
o) SpIn-sp . stspin p o digital delay generator$DG 535, Stanford Research Sys-
as nitroxides, are in the nanosecond time range; therefor

) . . i I AT ji h lock sig-
the signal in the time domain would not be expected to per?ems’ Sunnyvale, CATo reqluce jitter, the master clock sig

. . nal of 10 MHz from the signal generator was used as an
sist beyond the resonator dead time.

o . . xternal clock to the four delay generators and as an external
However, the feasibility of detecting resonance signals af Y9

. . . L rigger input to the first delay generator. The other three de-
rf (300 MH2) with a time-domain data acquisition has beenIay generators were synchronized with the first delay genera-

shown fpr sp_in prob<_as having single line EPRarsggegtra Witr}or. Figure 1B) provides a typical timing sequence of a
narrow linewidths using small volume resonators: Like- single pulse experiment.

wise, in the presence of static gradients, the feasibilitinof
vivo spatial imaging has also been demonstrdtéd As a
result of newly developed biologically compatible spin
probes that have single narrow lines, time-domain EPRfor The rf signal (300 MH2 and the local oscillator fre-
vivo applications is a technique with potential for obtaining quency of 350 MHz were synthesized from a single signal

Figure XA) shows a block diagram of the time-domain

B. Transmitter arm
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FIG. 2. (A) High speed rf gate(B) 0°/180° phase switcHC) transmit/receive diplexer; an@) four-stage gated amplifier.

generator(HP 8644, Hewlett Packard, Palo Alto, CAet at (D1, D2) in the transmitter path and a shunt pin-diode switch
800 MHz, and using frequency dividers, bandpass filters, andssembly(D3, D4) in the receiver pathiFig. 2C)]. These
rf amplifiers. Appropriate gating of the signals which arediodes were connected in a back-to-back configuration to
input to mixers is done to avoid undesired feedthrough durminimize the transients in the rf paths, which were held to
ing FID acquisition. The 300 MHz signal was amplified by ground by rf chokeqL2, L3). The arrangement provided
Al (25 dB gain, homebuilt Motorola MHW59G@nd the am-  high speed switchingabout 5 ngnecessary for time-domain
plified signal was pulse modulated using high speed rf gated FT EPR experiments. Receiver isolation during transmit
which consist of two GaAs SPDT switchéSW-1, Doty = mode was 25 dB with a transmit insertion loss of 2 dB. The
Scientific Inc., Columbia, SCas shown in Fig. @). The insertion loss during receive mode was 0.5 dB. Circulators
switches were connected back-to-back to achieve an isolavere also evaluated for the feasibility of adequately isolating
tion of >80 dB. The pulses generated by the gates had risthe transmit and receive modes with comparable results to
and fall times of less than 4 ns. The pulse modulated 306hose obtained with the diplexer.
MHz output was fed through a 0°/180° phase swifEfy.
2(B)] to an intermediate rf power amplifier, Again 25 dB,
homebuilt with Motorola MHW 590 After attenuating to Resonators were designed for the rf FT EPR experiments
the required power level, the pulses were equally dividedo obtain:(a) optimal, homogeneouB; field within the reso-
using a power splitteZSC-2-1W, Mini-Circuits, Brooklyn, nator for a given transmit powetbh) resonator bandwidth to
NY). The divided pulses were amplified using two high encompass a spectral bandwidth of 12 MHz; &aadmini-
power rf amplifiers, A3(100 W, 5100 L, ENI, Rochester, mize resonator ringing and consequently shorten the dead
NY). The outputs from each amplifier were combined usingtime. Factors(b) and (c) limit the Q values at 300 MHz
a power combinerfANTPD33, Telewave Inc., Mountain resonant frequency to 25-30. An overcoupled resonator
View, CA) and fed to the resonator through a transmit/which had a diameter of 25 mm and a height of 25 mm
receive switch(diplexep [Fig. 2C)]. Amplifier noise was containing 11 parallel loops 2.5 mm apart, was used for de-
reduced by incorporating several pairs of crossed diodegection[Fig. 3(A)]. These dimensions were adequate to ac-
Manually adjustable attenuators were included at variousommodate an experimental animal, such as a mouse, for
stages to set the appropriate voltage levels to avoid oveimaging studies. The loaded of the coil was maintained at
loads. 25. To obtain volume resonators, loops of conducting mate-
rial spaced at equal intervals along the cylindrical axis, were
connected in parallelQ reduction in these resonators was
achieved by overcoupling. In addition, a resistance in paral-
A single coil probe was used for the experiments with ale| (3.3 ki) is also used to minimize the dead time and also
diplexer. The diplexer used in this study was of a standarthelp reach the desired spectral bandwidth. The inclusion of
M4 configuration with a series pin-diode switch assemblythis high value resistor did not cause significant loss in

D. Resonators

C. Diplexer
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A 5mm . gain amplifier in four stages was incorporated in the first
stage of the receive arffrig. 2D)]. The four-stage amplifier
composed of MAR series amplifie(Mini-Circuits, Brook-

lyn, NY) contains BiC MOS SPDT switchéBIE630/Philips
Semiconductors, Sunnyvale, Chetween the stages, to pre-
vent each amplification stage from changing its bias condi-
tion because of overload, and so assure rapid recovery. At
each amplification stage, the signal is inverted in phase to
minimize the transients produced by successive stages. Lin-
ear amplification with a gain of 41 dB is obtained 40 ns after
the switches are on. The amplifier was centered around 300
MHz with a bandwidth of 100 MHz and a noise figure of 3
dB. The gating signal was provided by one of the delay
generators.

After the first stage amplification, the signal was filtered
with a 300 MHz center frequency bandpass filter having a
bandwidth of 42 MHz (TTE/07766-KC6-300M-14P-50-
6140, TTE Inc., Los Angeles, QAand subsequently ampli-
fied by a low-noise amplifier, A4dMiteq 2A 150, 25 dB,
Hauppauge, NY and a rf amplifier, A5(gain 25 dB, Model
MHW590, Motorolg. Adjustable attenuators were used to
set the appropriate levels.

25 mm

F. Single channel/quadrature operation

: : The induction signals from the receiver arm were mixed
o with a local oscillator(350 MH2) eliminating the need for
guadrature detection while still retaining the information of
the sign of the signals. The FID with the intermediate 50
MHz signal (IF) was isolated using a low pass filter and
utilized for digitization and recovering the FID. A mixer
(Mini-Circuits, ZP 10514 was used for phase-sensitive de-
tection.

G. Digitizer/summer

Py The FIDs were digitized and summed by a custom-built

_ , Analytek/Tektronix 2000RV2 digitizer/summeéil ektronix,
FIG. 3. (A) A schematic of the parallel coil resonator. The eleven turns of | CA The digiti / ists of f int
identical segment length connected in parallel, tuned, and matched by ove§unnyva e, edg '_Ze_r summer consists o our inter-
coupling with an additional 3.3 resistor, had & of 25. The inner leaved flash analog-to-digital converters. Each unit has a
diameter and the length of the cylindrical resonator were both 25 @m.  digitizing speed of 500 MS/s and a minimum retrigger period
Gated pulses of 70 and 30 ns width &@J the corresponding power spectra of 4.2 us. The sampling unit can provide 1 GS/sin single— or
showing the bandwidth that can be covered with the 200 W amplifier. double-channel modes at 8-bit vertical resolution. The sum-

mer captures the digitized wave forms from the sampler and
power. Pulses down to 30 ns gave a power spectrum almoslyys them into a 32-bit buffer. A mode is provided which

close to the theoretical expectation. The rise and fall times o llows summing and digitizing operations to overlap so that
the pulses were less than _3 ns. PF"Ses of 70 ns dures 4 k wave forms can be summed at a rate of 238 000 per
Vpp), were used for excitatiofiFig. 3B)]. The spec_tral second. However, in view of the cycle tingg80 kHz) to take
bandwidth aﬁordgd by such pulses was "?‘t least 12 IifHg. __care of the relaxation, the full capability of the digitizer/
3(C)]. Surface coil resonators were designed by connectlngummer is seldom used. The summed signal was down-

loops of the required diameter toxd2 length semirigid co- loaded to a host computer for further data processing.
axial line to allow for separation between the coil, and the

tuning and matching capacitors.
H. Image reconstruction

E. Signal amplification The FIDs collected were treated with a digital Butter-

The first stage amplifier in the detector arm is critical inworth bandpass filter of appropriate window of approxi-
any time-domain magnetic resonance experiment. In EPRmately =10 MHz from the carrier. These were further pro-
the problems are compounded because amplifiers must reessed with resolution/sensitivity enhancing filters as
cover quickly and must have high gain. A fast recovery, highneeded Finally, the FIDs were zero filled up to 64 k points
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and Fourier transformed. Image reconstruction from thesél. RESULTS
transforms was performed using filtered back projection
method<® Detection of the FIDs of solid NMP-TCNQ after pulsed
excitation at 300 MHz resonant frequency was carried out.
NMP-TCNQ contains a paramagnetic cent®r=(1/2) exhib-
iting a single line with an oxygen-insensitive linewidth of
Main magnetThe main magnetic field was generated by0.18 G. An overcoupled resonator that had a diameter of 25
a Helmholtz pair(i.d. 30 cm) of water-cooled coil§GMW,  mm and a height of 25 mm containing 11 parallel loops 2.5
Model 5451, Redwood City, CAbased on a fourth order mm apart, was used for detection and imaging. These dimen-
homogeneous design. The field homogeneity was better tha&gions were adequate to accommodate an experimental ani-
10 ppm in the active volume of approximately 5trnThe  mal, such as a mouse, for imaging studies. The lodpexd
magnet was powered by a Danfysik 80(Danfysik, Jyl- the coil was maintained at 25. Pulses of 70 ns duratZa3
linge, Denmark power supply. Vpp), were used for excitation. The spectral bandwidth af-
Gradients:A shielded three axes, static gradient systemforded by such pulses was at least 12 MHz. Dead times
(BFG-350/10; Resonance Research Inc., Billerica,)M/as  typically ranged between 300 and 450 ns after the pulse.
incorporated into the main magnet to facilitate imaging ex-Data acquisition was initiated 250 ns after the trailing edge
periments. Gradient coilé.d. 30 cm, i.d. 10 cm, length 35 of the pulse, during the resonator dead time to allow the
cm) were powered by an HP66000 unipolar power supplysummer to settle. In the digitized wave form, the initial 250
(Hewlett Packard, Palo Alto, CAat 14-bit resolution. Data points, corresponding to 250 ns were discarded before data
from test experiments indicated that at a current of 10 A, thgrocessing. With the rf phase set at 0°, a set of 80 000 FIDs,
strengths of individual gradients were 5.3, 5.4, and 7.5 G/crd k points each, were collected and averaged. After down-
in the X, Y, andZ directions, respectively. The coils were loading the data to the host computer, the rf phase was
cooled by forced room air. The maximum gradients whichchanged to 180° and another set of 80 000 FIDs was col-
could be generated were 5 G/cm o5 cmdiameter sphere  lected. The average of the phase changed FIDs was sub-
with a uniformity of better than 1%. The gradient vector tracted from the average of the previous group of FIDs to
magnitude and direction were controlled by the computeremove systematic noise. The FIDs were zero filled and Fou-
through an IEEE interface with a gradient settling time ofrier transformed.
less than 0.1 s. Using spin probes with narrow EPR line-  Figure 4A) shows the schematic of the phantom sample
widths (150 mQ and a field gradient of 1 G/crtwhich cor-  containing four tubes filled with about 4 mg each of the solid
responds to 2.8 MHz/cmwe can in principle resolve two NMP-TCNQ. The four tubes were placed in the resonator
points separated by 2 mm corresponding to a resonance shifhd collinear about th¥ axis and having the same center of
of 200 mG. Furthermore, with a gradient of just 1 G/cm, gravity as the resonator. The separation between the extreme
objects of size up to 5 chrcan be imaged with about 2 mm  tubes is approximately 20 mm, while the separation between
resolution. The field of view in frequency is approximately the outer and the inner tubes is approximately 10 (oemter
12 MHz, almost close to the power spectral width of a 75 ngo centey. The two inner tubes are separated by the wall
pulse and a resonator with@ of 25. Image quality can be thicknesses of the tub&approximately 0.25 mim The dot-
further improved by using pulses of 35 ns duration at ated lines represent the windings of the resonator coils. Figure
higher power level which will irradiate the system more uni- 4(B) shows a typical FID obtained when a field gradient of
formly and still provide adequate signal. 1.1 G/cm was applied along thé axis. The interferogram
shows the frequency encoding of the four tubes containing
the spin probe in the phantom sample alongXhaxis. The
corresponding absorption spectrum was obtained by Fourier
A Silicon Graphics IRIS 4D computer was used for transformation shown in Fig. (@) exhibiting clearly re-
spectrometer control, data collection, and processing. Speeolved four absorption peaks corresponding to the individual
trometer modules were interfaced to the computer by GPIRBubes. For spatial encoding of the spins, the gradient was
(IEEE 488 and RS 232C connections. The application pro-rotated in the plane perpendicular to the imaging plane in
grams were written in MatlabThe Math Works, Inc., Nat- steps of 5°, and 36 projections were acquired using a gradi-
ick, MA). The back projection algorithm was written in C ent strength of 1.1 G/cm. FIDs corresponding to each projec-
language. tion were zero filled up to 64 k points and filtered in time
domain using a line-narrowing exponential filter for resolu-
tion enhancement and subjected to Fourier transformation.
For image reconstruction, spectra were subsampled to 127
The desired characteristics of spin probes suitable for rpoints, filtered by a Shepp—Logan filter, and back projected
FT EPR spectroscopy and imaging are that the time-domaito obtain the two-dimensional image. In a typical two-
signal lasts beyond the spectrometer dead time of 450 nslimensional imaging experiment, the time taken for the data
i.e., the spin probes should have narrow single lines. Arcollection was approximately 2 min. The resulting two-
example of spin probes having such characteristics is thdimensional projections in the three orthogonal planes were
charge-transfer compound, N-methylpyridinium tetracyano-obtained from such experiments and are shown in Figs.
quinodimethanéNMP-TCNQ).?® 5(A)-5(C). The slightly differing resolution and magnifica-

I. Magnet and gradient coils

J. Host computer

K. Spin probes
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FIG. 4. (A) Schematic of the four-tube phantom used for imaging. The four
tubes were filled with approximately 4 mg of NMP-TCNQ each in capillary
tubes(1 mm i.d). The tubes are colinearly arranged along ¥hexis with

their axes parallel tor axis. The outer tubes are about 10 mm from the
center while the inner tubes are placed next to each other separated by the
wall thickness. The sample occupied a column height of approximately 4
mm. No efforts were made to load the four tubes identically with the spin
probe.(B) A typical FID sampled at 1 GS/s, containing the first 1500 points
of a 4000 point data set, obtained from the four tube phantom under a
gradient of 1.1 G/cm along th¢ axis. A total of 160 000 individual FIDs of .
4 k points were averagedC) The absorption spectrum obtained by FT of R W
the FID in(B). )

. . FIG. 5. Two-dimensional images of the four-tube phantom containing
tion seen on the f'gures are due to the fact that these are nQ';/IP-TCNQ described in Fig. (A). Two-dimensional projection of the

orthogonal slices taken from a single 3D image, but arespr image in théA) XY, (B) XZ, and(C) Y Z planes. In all these experi-

rather 2D projections of the unpaired spin densities about theents a_Iinear gr._':ldient of 1.1 G/cm was u_Sed. These are not cross secti_ons

three orthogonal axes derived frahree differen2D experi— from a single 3D image, but are 2D projections of the unpaired spin density
L . about the three orthogonal ax¥s Y, andZ.

ments. Therefore the back projections are subject to some 9 s

i i i h I -
distortions depending upon the actual geometry and symmeto test the feasibility of detecting spin probes in large and

try of the spin distribution. The field gradients have beenI biect d found to i its that imilar t
verified to be uniform to an accuracy of better than 1% in 0SSy ODJects and was found to give resufts that are simitar to

sphere of diameter 5 cm about the center of the magnet arlge ones obtained in NMR and will be potentially useful for

center of gravity of the gradient coils. The three projectionstoplcal studies.

corresponded to the physical dimensions of the phantoms i
spin density, physical separation, and orientation. R/ DISCUSSION

In separate experiments, we have verified that the pres- Although EPR, at a given field is more sensitive than
ence of phosphate buffered salifffBS does not adversely NMR, the low concentration of endogenous free radicals in
affect the image qualitydata not shownindicating, that at biological objects severely limits the SNR iim vivo objects.
best, minimal rf penetration problems are associated witlHowever, using nontoxic exogenous spin probes, it is pos-
obtaining spatial images of the spin probe in material equivasible to obtain anatomical detail by EPR imaging at radio
lent to biologic tissue. Surface coil resonators were also useflequencied:®°10233133n addition, by adding a spectral di-
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mension to the spatial imaging methods, important physitions in the order of 10-80 ns have to be generated which
ologic information could be obtained as w&li®!! This ca-  contain at least several cycles of the resonant frequency for
pability makes EPRI a potentially low-cost technique selectivity in excitation. The pulses should be amplified sig-
complementary to other imaging techniques such as MRI onificantly, with minimal rise times associated with pulse am-
PET, and aid in the identification of pathophysiological vol- plification, to provide the necessary nutation of the spin sys-
umes in human objects noninvasively. For example, bytems in the resonator. The resonator should be able to
spectral-spatial imaginghO, valuesin vivo can be obtained. accommodate the object under study in terms of physical
In addition, with the increasing sensitivity of EPRI at clini- dimension as well as spectral bandwidth. Additionally, the
cally relevant tissue oxygenation levels encountered irdead time should be minimal. The first stage amplifier should
pathological conditions, EPRI may well find a unique placepossess rapid recovery times, low noise, and high gain; all
to detect and map hypoxic volum&s?® Such measurements these are necessary to detect rapidly decaying signals of the
should provide valuable physiologic information with re- electron spins. Moreover, to exploit the faster relaxation be-
spect to thepO, status of tumor versus normal tissue. This havior of electron spins for signal enhancement, rapid digi-
information may help in devising more aggressive therapeutization and averaging strategies have to be implemented.
tic regimens for patients with large hypoxic fractions in tu- In this study, the details of the spectrometer ifowivo
mors. operation to detect and image spin probes in a biologic ob-
EPRI has been implemented At band,L band, and ject the size of a mouse are described which incorporate the
most recently at the radio frequency region to afford bettembove mentioned aspects in a modular manner. Narrow
tissue penetration while  minimizing nonresonantpulses of width ranging from 10 to 80 ns were generated by
absorptior™* Most of these spectrometers reported so farhigh-speed gates. The transmit power necessary to irradiate
operate in the frequency domain. However Xaband fre- the sample housed in a resonator of 25 mm bore diameter
guency using pulsed excitation, Fourier EPR imaging wasnd 25 mm height was obtained by coupling two power am-
performed to obtain high resolution images of spinplifiers, each of 100 W capacity. Since the resonator was of
probes?3° At lower frequencies and using cw EPR methodssingle coil design, the use of a transmit/receive diplexer was
and exogenous spin probes, spatial as well as spectral-spatjaeferred over the circulator to avoid excessive insertion
imaging experiments provided valuable information on intaciosses. The diplexer diodes had switching times less than 5
biologic objects, such as isolated viable organs and smalts and provided an isolation of 25 dB between the transmit-
laboratory animals. However, limitations in imaging with cw ter and the receiver. This provided the necessary sensitivity
EPR were encountered because of motion resulting fronm terms of excitation as well as the desired bandwidth for
heartbeat, respiration, etc. These problems had to be adpectroscopic as well as imaging experiments. The first stage
dressed with special gating approaches to avoid distortions iamplifier in the receive arm was designed to avoid overload
the imagé' as well as a constant infusion of the spin probe toand also facilitate fast recovery to detect and amplify the
maintain adequate signal for image reconstruction. Thouglwveak resonance signals. After further amplification and fil-
EPRI experiments on viable biologic objects in time domaintering, rapid digitizing and averaging provided adequate
are minimally affected by physiological motions, such tech-SNR in times much shorter than in the case of NMR. All
nigues have not been developed primarily because of lack afspects were implemented in the spectrometer to provide the
spin probes having sufficiently long spin-spin relaxationnecessary sensitivity to successfully detect EPR in time do-
times to permit detection using existing technology. With themain using pulsed excitation. Imaging experiments were per-
recently available spin probes possessing narrow singleermed using volume excitation methods in the presence of
lines?*32 EPRI using pulsed excitation provides sensitivity, static gradients. Such methods have inherently more sensi-
based on the Fellgett multichannel advantage inherent in thievity than the slice selection methods using pulsed gradients
time domain data acquisition meth&tThe gain in sensitiv-  that is routinely practiced in MRI, but require longer imaging
ity might at least equal that of cw techniques at the saméimes. Using static gradients, the images obtained from the
frequency. Pulsed rf EPR imaging spectrometers have be&D spatial imaging experiments of the phantoms containing
reported for studying small volumés:22Using narrow line  the spin probes, indicate a resolution better than 0.2 mm with
spin probes which are nontoxic and infusible, high resolutionimaging times of less than 2 min and a good correlation with
images of spin probe distribution in the tail circulatory the physical dimensions of the phantom objects. The imple-
anatomy in a murine model was obtairféd-owever, for mentation of slice selection methods in EPRI becomes fea-
more usefulin vivo applications as in the case of MRI, ca- sible with the development of gradient settling times in the
pabilities to study the whole body of small experimental ani-order of the dead times of the resonator and further minimize
mals such as mice should be developed. With these capabilimaging times. With the current version of the EPRI spec-
ties, using methods established in MRI, physiologictrometer, dead times in the order of 300—450 ns with loaded
information such as tissue oxygen status and redox status cgh values of about 25 were noted for input powers of up to
be obtained with EPR imaging and infusible probes. 200 W. Additional improvements in terms of diplexers with
Though in principle similar to NMR imaging, the imple- improved isolation, dynami® spoiling to increase the reso-
mentation of time-domain EPRI fdan vivo applications re- nator sensitivity, digitizers with higher vertical resolution at
quires developmental efforts in all aspects of the spectronthe required speed should provide enhanced sensitivity for
eter, namely, the transmit arm, the receive arm, the resonatdmaging applications. In addition, nontoxic spin probes with
and the data acquisition system. Narrow pulses with duranarrow linewidths of the order of 25-150 mG dependent on
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oxygen are being used to image tissue oxygenation statu®v. K. Bowman, inModern Pulsed and Continuous Wave Electron Spin
using double resonance imaging techniques such as OverResonanceedited by L. Kevan and M. K. BowmafWiley, New York,

hauser enhanced MR¥:3*Such probes are optimal for time-

domain EPR imaging as well, since their FIDs survive for,

sufficient times(1-5 us) after the dead timeS. Therefore,
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