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The performance of two electron paramagnetic resonance (EPR)
spectrometers/imagers, one configured in pulsed mode and the
other in continuous wave (CW) mode, at an operating frequency
of 300 MHz is compared. Using the same resonator (except for
altered Q-factors), identical samples and filling factors in the two
techniques have been evaluated for their potentials and limitations
for in vivo spectroscopic and imaging applications. The assessment
is based on metrics such as sensitivity, spatial and temporal resolu-
tion, field of view, image artifacts, viable spin probes, and subjects
of study. The spectrometer dead time limits the pulsed technique
to samples with long phase memories (>275 ns). Nevertheless, for
viable narrow-line spin probes, the pulsed technique offers better
sensitivity and temporal resolution. The CW technique, on the
other hand, does not restrict the choice at spin probes. In addi-
tion, the phase-sensitive narrow-band detection of the CW tech-
nique gives artifact-free images even for large objects. Selected
examples illustrating the performance of the CW and pulsed tech-
niques are presented to put the capabilities of the two techniques in
perspective.

I. INTRODUCTION

In vivo electron paramagnetic resonance (EPR) spectroscopy
and imaging studies have recently been carried out in small
animals such as mice and rats to obtain information such as
tissue redox-status and oxygenation and also to detect free rad-
icals produced in pathological conditions (1-6). The sensiti-
vity of EPR spectra properties (hyperfine splitting, linewidth)
to physiological parameters such as pH, pO,, and viscosity
makes EPR imaging a potential functional imaging technique
(7). EPR imaging systems for in vivo applications are de-
signed to operate in the low-frequency region (1 GHz—200
MHz), where the dielectric loss is minimal (8-14). Most of
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these efforts have been to develop CW mode techniques to ob-
tain spatial images of spin probe distribution, because of the
relatively large linewidths of the commonly used spin probes
such as nitroxides or spin adducts. These techniques utilize
the inherent advantages of phase-sensitive detection. How-
ever, imaging studies using CW techniques require spectral ac-
quisition times in the range 500 ms-10 s (15). Additionally,
in CW EPR, artifacts associated with sweep rates, magnetic
field modulation, power saturation, and physiological motions
such as heart beat, peristalsis, and respiration can distort the
spectra (16).

Pul sed techniques can offer better temporal resolution aswell
as the Fellgett multichannel advantage for sensitivity enhance-
ment, provided the phase memory of the spin probesis longer
than the resonator dead time at the frequencies of operation.
With the recently available spin probes exhibiting single nar-
row lines (17, 18), time-domain EPR at radiofrequency (RF)
has become a viable technique for in vivo applications (19).
Using these probes, the feasibility of 3D whole-body imaging
of small animals by time-domain EPRI at 300 MHz has been
demonstrated (20, 21). A few other pulsed RF EPR imaging
spectrometers with limited temporal resolution have also been
reported (22-24).

The time-domain EPR method requires the use of narrow-
line paramagnetic spin probes. But, as mentioned earlier, spin
probes such as nitroxides possess larger linewidths. Hence to
study nitroxide, nitric oxide, and other free radicals of biologi-
cal interest, we have also recently developed a CW RF EPR
spectrometer/imager (8). In this communication, the technical
specifications and performances of our pulsed and CW RF EPR
spectrometers/imagers operating at 300 M Hz are compared with
the aim of identifying the areas of applications where one tech-
nique may be more suitablethan the other. Comparison of pulsed
EPR versus CW-EPR, especialy at RF, becomes interesting
because of the potential applications and experimental diffi-
culties of each modality employed in detecting paramagnetic
Species.
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II. THEORETICAL AND EXPERIMENTAL
CONSIDERATIONS

A. Pulsed Method
Foectrometer Dead Time

The performance of a pulsed EPR spectrometer mainly de-
pends upon the spectrometer dead time, excitation bandwidth,
and sensitivity (25, 26). The dead time of the spectrometer isa
critical parameter because it severely affects the choice of spin
probes that could be studied by pulsed EPR. Although there are
several factorsthat contributeto thedead time, for low-frequency
operation the major sourceisthe ring down-time constant of the
resonator, which is given by

= QL/w. [1]

Here Q. isthe loaded quality factor of the resonator. The dead
time, whichisinversely relatedtothecarrier frequency w, posesa
serious problem for the successful detection of thetime-domain
EPR responses at RF. Therefore, unlike EPR at high frequen-
cies, where time-domain responses from nitroxides have been
collected using high-Q cavity resonators, detection of EPR sig-
nals from fast-relaxing spin probes might not be feasible at RF
frequencies. Hence an optimal Q must be selected, based upon
the spectral properties of the paramagnetic spin probe under in-
vestigation. The parallel coil resonators used in this study have
been evaluated for their capability in time-domain EPR spec-
troscopy and imaging at radiofrequency. To implement the tech-
nique in small animal imaging, an optima Q value of 25 has
been selected (21). A resonator Q of 25 leadsto atime constant,
7, of about 13 nsat 300 MHz. The dead time t4 can be evaluated
from the equation

Td = A P/drv [2]
where d; is the corresponding damping parameter given by
d, = —10log[exp(—10°/7;)] dB/ns [3]

and A P determines the level to which the power at the receiver
input must decay beforethereceiver can start acquiring theweak
freeinduction decay (FID). For areceiver with adynamic range
of 60 dB, AP becomes about 80 dB, resulting in a dead time
of about 240 ns. Any further attempt to reduce the dead time
by decreasing the Q may compromise the sensitivity signifi-
cantly. In pulsed EPR spectrometers, Q is generally reduced
to the desired value by overcoupling, because for the same RF
power, higher B, fields could be achieved by overcoupling (27).
However, in a strongly overcoupled mode, the observed dead
time may be longer than the z,-limited value because of reflec-
tion of the exciting radiation, even though the reflections at low
frequencies are not as significant as those in high-frequency
spectrometers.
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Another factor contributing to the dead timeisthe recovery of
the saturated components in the receive arm. For example, the
FID is often seen to grow in the beginning, despite the fact that
it should be an exponentially decaying function. This growth
occurs during the recovery of the preamplifier. Besides limiting
the sensitivity of the spectrometer, the dead time may lead to
considerable distortion in the spectral features, if the resulting
truncated FID is Fourier transformed without any phase cor-
rection (28, 29). Severa phase correction procedures are rou-
tinely used in NMR spectroscopy (30). Frequency-dependent
phase corrections are madeto individual isolated peaks and then
frequency-independent phase corrections may be made to bring
al the peaks to the absorption mode. This process is iterated
to obtain reasonable accuracy. But in imaging, there may not
be any well-separated individual peak. For example, in a 1D
projection the spins experience alocal static field of By + B(r)
in the gradient direction (31). The acquisition of the FID is not
possible until the dead time. But by that time the phase of the
magnetization would be

o(r. t) < rgo(r). (4]

Thus the magnetization components accumulate phase errors
in proportion to their observed frequencies (31). The missing
time interval may be too large for proper data reconstruction
at high offset frequencies. Hence the dead time problem be-
comes more significant in EPR imaging than in NMR imaging.
To avoid distortions associated with phase errorsin the images,
the absol ute-value mode spectra of the projections can be com-
puted by Fourier transformation of the experimentally collected
FIDs. Thelinewidthsof absolute mode spectraarelarger thanthe
widths of the absorption or power mode spectra, causing loss of
image resolution. Apart from the reduction in resolution due to
theemployment of magnitude mode spectral lineshape, thereare
additional factorsthat are to be addressed in pulsed EPR imag-
ing. The transverse relaxation (T,) is a function of the overall
spread in frequency, in presence of the imaging gradients. For
oblong objects the spread in frequency is afunction of the gra-
dient orientation and leads to differential dead-time loss. Thus
when the gradient is along the longest axis of spin distribution,
the increased frequency range may lead to considerable lossin
the integrated intensity of the profile, compared to that obtained
when the gradient is parallel to the shortest spin distribution
dimension. This is further compounded by the Q-profile (the
spectral response) of the resonator, which attenuates the spec-
tral density at either extreme of the frequency bandwidth. Added
tothisisthesinc ((sinx)/x) profile of the power spectrum of the
rectangular excitation pulse. These lead to distortionsin theim-
age quality for large gradients and in larger objectsin the pulsed
mode. However, by limiting the magnitude of the gradients and
by suitable pulse shaping (using Gaussian or sinc pulses) one
can largely eliminate most of these artifacts. Linear prediction
methods may be used to correct the FID for the loss of data dur-
ing the dead time (32, 33). But such procedures may not be easy
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where one has to deal with continuous spread of frequencies as
in EPR imaging. This problem cannot be completely avoided,
but the various phase correction algorithms may aleviate it to
some extent.

Sensitivity
The sensitivity of apulsed EPR spectrometer is conveniently
describedintermsof SNR per unit time (moreprecisely per t1/?).

The SNR per t1/2of asignal-averaged freeinduction decay (FID)
is given by (34-36)

SNR o« MgE/(2MnK) exp(—tq/T5), [5]

where M is the number of samplesin an FID, n is the number
of FIDs averaged, K is the duty cycle of the receiver, t4 isthe
spectrometer dead time, and T is the spin—spin relaxation time
of the spin probe. Here My is the static magnetization of the
sample and E isthe sensitivity factor, given by

Mo = Ng?B2S(S+ 1)By/3kT

6

E:JﬂowQL/8VCKTFN. [ ]
Here Fy isthe receiver noise figure, N isthe spin count, V¢ is
thevolumeof theresonator, jo = 47 x 107" Hm™1, and « isthe
Boltzmann constant. Except for the noise factor, which depends
upon the bandwidth, the other termsin [6] are common to both
CW and pulsed techniques. Thelargevalueof theratio (—tq/ T,)
compared to NMR makes the loss in sensitivity dueto the spec-
trometer dead time (Eqg. [5]) more critical in pulsed RF EPR.
Therefore the data sampling and summing capabilities of the
spectrometer become very critical for the enhancement of SNR.

Frequency Dependence of the Sensitivity

Itisgenerally conceived that for pulsed spectroscopy at radio
frequencies the Boltzman factor and the dead time may domi-
nate to such an extent that it may become prohibitive to obtain
any reasonable SNR. Hence it will be of interest to analyze the
frequency dependence of sensitivity of pulsed RF EPR (37).
For constant RF field and excitation bandwidth the SNR may be
given by

SNRoc 0¥2N Q2 / (F/2VE'?). [7]

In the case of uniform excitation over full bandwidth, using the
relation Q. o w/Av Eq. [7] may be reduced to

-1/2~-1/2
SNR oc w? NV V2R Y
and

Nimin o 0?VE2Fy/2. 8]
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Here Nyin isthe minimum number of detectable spinsand, using
the relationship between the sample volume Vs, thefilling factor
n, and the minimum detectable concentration, (N / Vs)min Can be
written as

(N/Vs)min & 0?0~ V2R y2. [9]

The w? dependence given Egs. [8] and [9] isvalid for situations
where the noise is dominated by the preamplifier noise. But,
for lossy in vivo samples, the sample noise will be adominating
figure. Anelaborate discussion on frequency dependenceof EPR
signal intensities has been presented recently (38).

Different strategiesto optimize Np,in and (N / Vs)min at higher
frequencies have been described (25). Although the sensitivity
per unit volume is high, the sample volume becomes limited as
the frequency increases. On the other hand, sample size limita-
tionisnot aproblem at lower frequencies. Infact, themainreason
for the selection of RF isits potential for studying large objects.
Hence, the possibility of using a large resonator and the high
filling factor may compensate to some extent for the frequency-
dependent lossin SNR (37). Additionally, the SNR degradation
by noise is also relatively small at lower frequencies. Thus it
is possible to get reasonable sensitivity at lower frequencies by
designing suitablelargeresonatorswith very highfilling factors.
But thiswill depend upon the power availableto excitetheentire
spectrum. Although this could be achieved for the spectroscopy
of narrow-line spin probes, it becomes a formidable challenge
when imaging of large samplesis attempted.

Soectral Excitation Bandwidth

Inan FT experiment, following an RF pulse, ideally the mag-
netization dueto all portions of the spectrum must be rotated by
an equal angle given by

0 = yeButp. [10]

However, this depends upon the available RF power and the
spectral bandwidth. If Af isthe possible spectral range then

¥ B1>> 2w Af. [11]

In single pulse experiments, a 90° pulse is applied to achieve

the maximum sensitivity and the pulse width should satisfy the

condition (39)

tp(90°) « 1/4Af. [12]

Even for single, narrow-line spin probes, this may pose a prob-

lem when imaging of a large object or under a very high gra-

dient is attempted. It has been shown that when the excitation

bandwidth Av (given by y B;) isnot comparable to the spectral

bandwidth Af, destructive interference between contributions
of spins with similar resonance offsets can suppress the signal
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intensity (29). The phase dispersion of the magnetization that
is excited off resonance becomes very significant, resulting in
substantial sensitivity loss when the spectral bandwidth exceeds
the excitation bandwidth by a factor of 5 or more. However,
one can attempt to enhance the excitation bandwidth by increas-
ing the RF power. The RF power available at the resonator, Py
(in W), isgiven by
Po = Ve (2Bic)?w/2u0QL [13]

where w isthe resonance frequency (radians™1), B¢ isthe maxi-
mum amplitude of the circularly polarized component of the RF
field (in tedla), and V¢ istheresonator volume. Taking into con-
sideration that the half-power full bandwidth of the resonator is
given by w/Q_, the Py dependence on the excitation bandwidth
can be seento be

Py o (Av)3Ve. [14]
This cubic dependence of the required power on the excitation
bandwidth can limit the size of the object to be imaged. The
high cost of class A, high power amplifiers, the experimental
difficulties associated with isolating and protecting the receiver,
and the preamp recovery due to the overload from high power
excitation pulses set an upper limit on the spectrometer power.
These difficulties may to some extent be minimized if avery ef-
ficient resonator is designed. Theresonator efficiency parameter
A isdefined by

A= Bl/\/PO» [15]
where B; is the maximum available RF magnetic field for a
given incident RF power. A high A reduces the energy required
per pulse, thereby lessening the technical difficulties associated
with the isolation of the high transmit pulse from the receiver.
For example, a 10-fold increasein A would require 20 dB less
RF power to achievethe same B, field at the sample (40). Thisin
turn would realize an effective 20-dB increase in the transmit—

receive isolation. Therefore, high-A and low-Q resonators will
be the ideal choice for pulsed RF EPR studies.

B. CW Method

In a slow passage experiment, the time dependence of the
absorption signal is given by
S(t) &« MgEy, B1To/{1+ S + (2nrtTo)?). [16]
Here S isthe saturation factor, S' = (yeB1)?T1To, and r isthe
sweep rate in Hz/s. In the absence of saturation, the maximum
sensitivity of aCW experiment with matched filtering, expressed
in signal-to-noiseratio per unit time, is given by

SNRew o MoE/(1/(ATy)). [17]

YAMADA ET AL.

It is interesting to note that the achievable signal intensity is
independent of T, when the experiment is done under nonsatu-
rating conditions. Hence the CW method iswell suited when the
freeradical to be studied has alarge linewidth. But, for narrow-
line spin probes, caution should be exercised in selecting the RF
power.

The selection of the modulation amplitude, By,, dependsupon
how much sensitivity can be sacrificed to get distortion-free
spectral information (16). The modulation amplitude should be
also small enough so that the resulting spectrumwill beafaithful
reproduction of the absorption lineshape. Although increasing
the B, canincrease the peak-to-pesk height of the CW signal, in
imaging experiments distortion-free spectraare essential toget a
faithful reproduction of the projectionsto arrive at accurate spa-
tial aswell asspectral parameters. Whenresolution and trueline-
shape are of prime concern, it is suggested that B, < 0.2 ABpp
(16). Sensitivity optimization of CW EPR was carried out with
imaging as the primary goal. The optimal value for modulation
amplitude was selected in such a way that there is no spectral
distortion. By varying the B, it was found that maximum sensi-
tivity, without any distortion in lineshape, could be achieved at
Bm ~ 0.3 ABpp. Thelimiting value of By, becomes critical for
narrow-line spin probes such asthe triarylmethyl (TAM) radical
(18). Therefore for narrow-line spin probes the pulsed method,
which is free of any such constraint, is expected to give better
sensitivity. However, line broadening caused by larger modu-
lation amplitude may be modeled (41) and in such cases the
sensitivity may be improved by an additional factor of 3.

In principle, it is possible to increase the peak-to-peak height
of the EPR signal by increasing the filter time constant (i.e., de-
creasing the bandwidth) of the lock-in amplifier. But thisinturn
will require along scan time, leading to along image acquisi-
tiontime, which will eventually be determined by the spin probe
clearancerate and the required temporal resolution. When quan-
titativeinformationisrequired, atimeconstant whichislessthan
1/10th of thetimerequired to scan through the A B, field would
result in distortion-free spectra. Under a gradient of 1 G/cm,
for afull view of a25 x 25 mm resonator, the scan width be-
comes 2.5 G. Hence atime constant of 0.03 sfor a scan time of
2 siscloseto the optimal value for the narrow-line spin probes.

III. EXPERIMENTAL

Pulsed EPR Spectrometer

The instrumentation of the 300-MHz pulsed EPR spectro-
meter and the details of the data acquisition system and reso-
natorsaredescribedin earlier reports(19, 21). Sincetheseearlier
reports, the following modifications have been carried out to
further enhance the capabilities of the pulsed RF EPR spectro-
meter. The local oscillator frequency was changed from 350 to
320 MHz, so that the center of the intermediate frequency is at
20 MHz, instead of 50 MHz. The diplexor was redesigned to
further reduce the insertion loss and switching times and the
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preamplifier was housed close to the diplexor in a shielded en-
closure. With these alterations, anisol ation of 30 dB betweenthe
transmit and receive arms is realized, compared to 25 dB prior
to these changes. Additionally, a shielded enclosure was pro-
vided to the magnet/gradient assembly to minimizethe RF noise
from the environment. DC feed-through was a problem faced in
the earlier configuration of the spectrometer. Even though the
transmit RF is gated for the required pulse width, the 300-MHz
carrier signal ispersistent at all thetimein the system. To elimi-
nate this, one of the input signal swas pregated. In our spectrom-
eter, the main RF sourceisan 800-MHz crystal oscillator. From
this master oscillator, frequency dividers generate a set of fre-
guencies, namely 400, 200, 100, 50, 20, and 10 MHz. Thesefre-
guencieswere combined suitably to generate 500 and 320 MHz.
All these frequencies maintain a definite phase relationship to
the 800 MHz source. The 300 MHz was synthesized by mixing
800 and 500 MHz. The 500 MHz was pregated before mix-
ing. The pregate pulse width was adjusted, taking into account
the rise time of the 300-MHz filter. The gating time was ad-
justed so that the 300 MHz was available only for about 20 to
50 ns longer than the transmit pulse width. Hence until the re-
ceiver recovers, there will be no 300 MHz present anywhere
in the system. In this manner the feedthrough was completely
eliminated.

CW EPR Spectrometer

The design and construction of the CW 300-MHz EPR spec-
trometer were published recently (8) and the CW EPR measure-
ments reported in the present study are made without any further
change in the CW EPR spectrometer. Table 1 summarizes the
important specifications of the two spectrometers.

TABLE 1
Specifications Pulsed spectrometer CW spectrometer
Frequency (MHz) 300 300
Microwave power (W) 70 0.008
Attenuation 0-60dB instepsof 1dB 0-60dB instepsof 1 dB
Resonator Parallel cail Parallel coil
Efficiency parameter 23 23
(MGI(yW)

L oaded Q-factor 25 1800
90° Pulse width 90 ns —
Dead time 275ns —
Detection arm Quad detection —

500-MHz 8-bit digitizer

Record length up to 4 k 1k

Repetition rate 20 us 4s
Field modulation — 0to4G
Modulation frequency — 135
(kHz)

Minimum scan time — 2s
Preamp noise figure 0.8dB 0.8dB
Receiver dynamic range 60 dB —
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Resonators

A home-built parallel coil resonator (25 x 25 mm) was used
for spectral measurements and imaging. Parallel coil resonators
have been evaluated for their applications in pulsed RF EPR
imaging (21). The Q of the resonator was adjusted to about 25
by a combination of both over-coupling and resistive damping
for pulsed EPR studiesto achieve optimal B; aswell asminimal
reflected power. For an input power of 64 dBm, the reflected
power was measured to be about 3 dBm and the dead time of
the spectrometer was 275 ns.

Spin Probes

The spin probes used for the pulsed EPR study are based on
thetriarylmethyl (TAM) skeleton; they are nontoxic, and water-
soluble. Two analogsof TAM, abbreviated as Ox031 and Ox063,
obtained from Nycomed Innovations, Mamo, Sweden, were
used inthisstudy. The structural details of these agentsand their
EPR properties are described elsewhere (18). Recently these
spin probes have been evaluated as contrast agents for dynamic
invivo oxymetry using Overhauser enhanced MR imaging (17).

The EPRI experiments involving animals were performed in
accordance with the guide for the care and use of laboratory an-
imals prepared by the institute of laboratory animal resources,
National Research Council. The details of animals and animal-
handling protocols are described elsawhere (20). The imaging
experiments were carried out per the procedure reported ear-
lier (19, 20). The 2D images were obtained using filtered back-
projection reconstruction techniques.

IV. PERFORMANCE EVALUATION

Spectroscopy

Figure 1 showsthe spectraof threedifferent freeradicalsmea
sured at the limiting concentration with respect to sensitivity in
detection. In order to compare the pulsed and CW methods one
has to consider sensitivity per unit time. Hence the total mea-
surement time was kept constant for all these measurements.
With the rapid scan capability of the CW spectrometer, a sweep
rate of 5 G/s could be implemented. Nevertheless to keep the
spectral distortion at a minimum, we have used a scan time of
2 sfor all these CW experiments. Consequently for the sake of
comparison in the case of pulsed measurements, coherent av-
erages were done for 2 s and the averaged FIDs were Fourier
transformed to get the absorption mode spectra shown in Fig. 1.
The spectrawere recorded with 8 ml of the spin probe solution
(65% filling factor). The SNR values obtained from the spectra
of the two spin probes at various concentrations are plotted in
Fig. 2. For an SNR of 1, the minimum detectable concentra-
tions (N /Vs) have been computed and these values are given in
Table 2A.

The expected ratio of sensitivity of the CW experiment to the
pulsed experiment is given by (26, 35)
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The 300-MHz CW EPR spectra of an air-equilibrated solution of 10-uM Ox063 (A), 5-uM Ox031 (B), and 10-uM tempone (C) in 8 ml of saline.

The instrumental parameters for Ox063 are sweep width, 2 G; scan time, 2 s; time constant, 0.03 s; modulation amplitude, 0.1 G; RF power, 2.25 mW. For Oxo031,
sweep width, 2 G; scan time, 2 s; time constant, 0.03 s; modulation amplitude, 0.08 G; RF power, 2.25 mW. For tempone, sweep width, 50 G; scan time, 32 s; time
constant, 0.03 s; modulation amplitude, 0.5 G; RF power, 2.25 mW. The corresponding 300-MHz pulsed EPR spectra are given in (D) Ox063 and (E) Ox031. The
resonator Q = 25; RF pulse width = 90 ns; the sampling rate= 500 M S/s; number of averages= 100,000; acquisitiontime=2s.

(SNR)ow/(SNR)puised o¢ /(8F/AF) x /(Ta/trep).  [18]

Heresf isthefull linewidth at half-height of the resonance. The
ratio, Af/§f, gives the number of spectral elements present in
a spectrum. For single-line spectra, thisratio is not a significant
factor and hence the sensitivity advantage will depend mainly
upon the speed of the data acquisition system. The spin-lattice
relaxation times of the TAM radicals, T;, are in the range of

_ 400
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0 25 50 75 100
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Number of Spins (x 1016)
FIG.2. Sensitivity comparisonof CW and pul sed methodsfor different spin

probes. AAA, Ox063 CW; AAA, Oxo31 CW; @@, Oxo31 FT; and OOO,
Ox063 FT methods. Inset shows the measurement at extended concentrations.

about 500 ns. With T; = 500 ns and t,y = 5 us, the pulsed
method is expected to show a sensitivity advantage by a factor
of about 6, which comparesreasonably well with the experimen-
tally observed factor of about 4 (Table 2A). This observation of
asensitivity advantage of the pulsed technique is not surprising
because uniform excitation of the entire spectrum isfeasible for
narrow line compounds. Also, the long relaxation time limits
the loss in sensitivity arising due to the finite dead time of the
spectrometer.

Imaging

The sensitivity advantage of the pulsed technique should be
particularly pronounced for spectrawith narrow resonancelines
covering a wide spectral bandwidth. In an imaging experiment

TABLE 2A
Sensitivity Parameters

Technique Spinprobe Linewidth(mG)2 SNR®  Npin x 105 (spins)®
Pulsed Oxo031 160 14.3 0.96
Ox063 210 9.6 0.96
CW Ox031 180 34 2.4
Ox063 220 29 4.8
Tempone 520 19 9.6

2 Air-saturated, 20-4M solution.
b Resonator, parallel coil; size, 25 x 25 mm; 8-ml spin probe solution in PBS.
CEstimated for n=1and SNR=1.
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using a single 90° pulse, if al the spins can be excited simul-
taneously (satisfying Eq. [12]), then improvement in sensitivity
per unit time on the order of /(A f/8f) could beachieved by the
Fellgett advantage. In atypical experiment using a gradient of
1.0 G/cm, the A f becomes 2.5 G for the (2.5 x 2.5)-cm parallel
coil resonator. For trityl radicals, the improvement in sensitivity
will be ~,/(2.5/0.2) = 3.5. However, imaging of alarge object
poses many problems as discussed earlier. The gradient-induced
line-broadening limits the SNR of the projectionsin the pulsed
method, because of the lossin the exponentially decaying FID,
which inturn will limit the size of the object. With current tech-
nical specifications we have optimized the resonator size to be
25 x 25 mm and the gradient to be 0.5 G/cm. To assess the
two techniques for their imaging capability, both phantom and
animal imaging experiments were designed (Table 2B). Three
holes (4-mm diameter) drilled in the Lucite cylinder werefilled
with 250 wl of the spin probe Ox063 in different concentrations
for phantom experiments. Figure 3 summarizes the results of
phantom imaging.

Image Uniformity

Uniformity of an image is achieved from the variation of the
image signal intensity over the region of interest (ROI) of an
object of uniform spin density. Some factors that can affect the
image uniformity areinhomogeneitiesin the Zeeman field, non-
linearity in gradients, nonuniform RF flux, and response of the
receiver system. The magnet system and the gradient assembly
used are the same for both the pulsed and CW spectrometers.
Therefore, the difference in image quality in the pulsed tech-
nique, if any, may originate mainly from the nonuniform RF
flux and the receiver response.

Figures 3B and 3C show the transverse 2D spatial images of
the phantom obtained by the CW and pul sed methods, respecti-
vely. The CW technique showsfairly good image uniformity. On
the other hand the pulsed technique shows some distortion that
may be attributed to several factors. An FOV of 25 mm under
agradient of 0.5 G/cm correspondsto a Af of 3.5 MHz. Acc-
ording to Eq. [12], this trandlates into at,(90°) of about 70 ns.
However, with the current configuration of our pulsed system,
tp(90°) is about 90 ns. Hence, as discussed earlier, incomplete

TABLE 2B
Specifications for Imaging?
CcwW Pulsed®

Acquisition time

2D (18 projections) 54s 20s

3D (81 projections) 4 min 1.5min
Spin probes Ox063, Ox031, Nitroxide 0Ox063, Ox031
Maximum gradient (G/cm) 5 0.8
Maximum object size (cm x cm) 5x3 5x 25

a Optimized for small animal imaging.
b Number of averages per projection, 50,000.
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FIG. 3. Schematics of phantom (A) consisting of three tubes (i.d. 4 mm)
containing Ox063 at different concentrations. The center-to-center distance bet-
ween the tubes is 14 mm. (B) The two-dimensional transverse image (field of
view, 25 x 25 mm) of the phantom by 300-MHz CW EPR. Image dataacquisition
parameters: gradient strength, 0.8 G/cm; number of projections, 36 (1024 points
each, with a single 2-s scan per projection); acquisition time, 1.8 min. Two-
dimensional transverse image (field of view, 25 x 25 mm) of the phantom by
300 MHz pulsed EPR (C). Image data acquisition parameters: number of pro-
jections, 36; number of averages per projection, 100,000; gradient strength,
0.8 G/cm, acquisition time, 1.2 min. Record length per FID, 4K points at a
sampling rate of 500 MS/s.

excitation may lead to spectral distortions. Pulse shaping, res-
onatorsof high efficiency parameter, A, and high transmit power
may help to solve this problem. Second, the Q-factor of theres-
onator causes the RF power profile to droop at either extreme of
the spectral window. This in turn will cause a reduction in the
intensity of spectral features as a function of offset frequency.
The narrow-band detection scheme of the CW EPR technique
aleviates this problem. Third, the T of the FIDs will depend
on the spectral range. Thusfor orientation of the gradient vector
along the axis of a cylindrical distribution of spins, the T will
be shorter than for the perpendicular direction. This will lead
to a differential loss in integrated intensity among the various
projections, causing artifacts in the back-projected image (20).

Additionally, this phantom imaging also brings out the dy-
namic range of spin probe detection by the two techniques.
Figures 3B and 3C show that CW EPRI could easily discern
regions having 10 times lower spin content in the field of view;
in FT EPRI has limited dynamic range discrimination. This
may pose problems if the spin probe localizes selectively in a
particul ar organ (such asthe bladder) whilewhole-body imaging
is performed.

Soatial Resolution

Thisis one of the most important parameters of an imaging
system, because it characterizes the capacity of the system to
make fine details visible. In a digital image, the resolution is
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pixel-limited. This theoretical limit may be simply estimated
from the pixel size. For a2D image of areaa® and resolution X,
the number of pixel elementsrequired, N, is given by
N = {a/x}2. [19]
In vivo pulsed EPR imaging reported in this study is done using
a parald coil resonator of size 25 x 25 mm and a gradient of
0.5 G/cm, corresponding to a spectral width of 1.25 G. The 2D
image givenin Fig. 5isof dimension 64 x 64, corresponding to
a pixel-limited resolution of 0.4 mm. However, the linewidth-
limited resolution, Az, is given by
Az= AB/Gz. [20]
Here Gz isthe gradient applied along the direction of the sam-
ples and AB isthe linewidth of the spin probe. The linewidths
of the various spin probes used in the present study are listed
in Table 2A. One can use alarger gradient for better resolution,
but the gradient-induced line broadening will compromise the
SNR because of the spectrometer dead timein FT EPRI. In con-
trast, for the CW method thereis no detection problem even for
very largegradients. Therefore, the CW method hasthe potential
for better resolution, although microwave power saturation and
modulation broadening may pose problems when narrow-line
spin probes are used. The gradient amplitude used in the present
study was limited mainly because of the problems associated
with the pulse technique rather than the CW method. Hence an
optimal gradient of 0.5 G/cm was selected for the pulsed EPR
studies, although the gradient assembly of the imager can pro-
vide a maximum gradient of 5 G/cm.

The resolution expected from a pulsed EPR image can be
estimated by

AX = 2/(1eG.Ty). [21]
where T is the spin-spin rel axation time under the influence of
the gradient. The optimal acquisition time of each FID isrelated
to T, and may be approximated by

Tacqg = 27/y ABpp = 7T, [22]

Under the present acquisition conditions, the resolution for
a gradient of 0.5 G/cm is estimated to be about 1.8 mm. The
results of phantom imaging indicate an approximate resolution
of 2 mm, in accordance with this expectation.

Yet another factor that severely limitsthe spatial resolutionis
the sensitivity of the spectrometer/imager. It isessential that the
pixel contain enough spinsto be detectable by the spectrometer.
Hencebased on this N, value, one hasto select an optimal con-
centration of the spin probe. For a 3D image with resolution X,
the sensitivity-limited resolution is given by

X3,0 = Nnin, [23]
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where p is the mean spin density. It may appear that the reso-
Iution can be improved by increasing the concentration of the
spin probe. But for in vivo imaging, both line broadening dueto
spin-spin interaction and toxicity of the spin probewill limit the
dose of the spin probe. For the TAM spin probes, toxicity studies
in small animals (rats and mice) show the safe dose to be about
1.8 g per kg of body weight (~2.5 mM/kg) (17), leadingto a p
value of 6.02 x 10*’ spins/cc. Hence for small-animal imaging
using TAM spin probes, the sensitivity-limited resolution of the
pulsed RF EPR imager is 2.6 mm.

Temporal Resolution

For reliable interpretation of the EPR image data, the exoge-
neously administered spin probe must be stable in vivo until the
imaging protocol is completed. In addition to spatial informa-
tion of free radical distribution, physiological information such
as oxygen concentration can aso be obtained from EPRI. Re-
duced data acquisition time enables examination of temporal
changes both in the spin probe and in the oxygen distribution at
the rate comparabl e to the clearance of the spin probe. EPRI can
also be used to study kinetics of metabolic changes of the exo-
genous spin probe such as nitroxides in vivo (42). The speed of
the image data acquisition systemisvery crucial for the success
of these studies. In our pulsed system, a 2D data set consist-
ing of 18 projections (each of 4K samples and 50,000 averages)
can be acquired, using the current configuration of the imager,
within about 20 s. Similarly, a 3D data set of 81 projections can
be collected within 90 s. The corresponding times for the CW
imaging are 54 sand 4 min, respectively.

In Vivo Imaging

Figure 4 shows a sequence of 2D CW EPR images of Ox0-63
distribution in an anesthetized mouse after intravenous admin-
istration. The mouse was positioned (A) in the resonator in such
amanner that the thoracic, abdominal, and pelvic regions were
in the FOV. Projections corresponding to 2D images were col-
lected at 2.8, 9.0, 13.0, and 16.9 min (B, C, D, E, respectively)
after spin probe administration using a gradient of 1.0 G/cm.
The image at the first time point was interpreted as spin probe
localization predominantly in the two kidneys with some inten-
sity in other organs in the abdominal region such as the liver
and spleen. Subsequent images suggest a progressive redistri-
bution of the spin probe from the circulation to the bladder as
evidenced by the increasing image intensity from the bladder.
However, contours corresponding to the two kidneys could be
seen even in the presence of an intense signal from the bladder.
The physical dimensions of the organs obtained from the EPR
images were in good agreement with the actual dimensions.
Figure 4F shows a graph of the decrease in the average spin
count from the kidneys and the increase in the spin count in the
bladder as afunction of time.

Figure 5 shows 2D images of the spin probe Ox063 distribu-
tion obtained by FT EPRI after intravenous administration in a
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FIG. 4. The 2D CW EPR images of a C3H mouse taken as a function of
time from the infusion of Ox063 via tail-vein cannulation and the visualization
of the clearance of the spin probe. The cartoon shows the position of the mouse
(A). The images (B to E) show progressive accumulation of the spin probe in
the bladder. The time course of the spin probe in various organs ({J, | eft kidney;
@, right kidney; A, bladder) was computed by selecting the corresponding
regions in the sequential images and averaging the pixel intensities. Image
acquisition parameters: gradient strength, 1 G/cm; number of projections, 18
(512 points each, with a single 4-s scan per projection); acquisition time,
1.5min.

mouse as a function of time. The images were taken at 3, 6, 9,
and 12 min after spin probe administration usingamagneticfield
gradient of 0.5 G/cm. Again, as in the case of CW EPR imag-
ing experiments, in theinitial image a predominant distribution

FIG. 5. The 2D pulsed EPR image of a C3H mouse showing the kidneys
and the bladder in an experiment analogous to the one described in Fig. 4.
Imageacquisition parameters: number of projections, 36; number of averagesper
projection, 50,000; gradient strength, 0.5 G/cm; acquisition time, 36 s. Record
length per FID, 4K points at a sampling rate of 500 MS/s. Images A, B, C, D
were taken at 3, 6, 9, and 12 min after the infusion of spin probe Ox063. Just
as in the CW images, one can see a gradual increase in the spin count in the
kidney.
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of the spin probe was seen in the kidneys. Subsequent images
show aprogressive decrease in intensity of the spin probein the
kidneys with a corresponding increase in the bladder. However,
unlike the case of CW EPR images (Fig. 4), the image intensity
from the bladder overwhelmed theintensity from the kidney and
other regions, because of dynamic range problems mentioned
earlier.

V. DISCUSSION

Development of EPR instrumentation for biological applica
tions has continued to be a challenging task (3, 6, 40, 43, 44).
Althoughacommercial L-bandimaging system hasnow become
available (45), specialized instrumentation is still required for
many applications. We have shown that both pulsed and CW RF
spectrometers could be constructed with many commercialy
available modules (8, 46). In this communication, acomparison
of these two spectrometers is presented, pointing out their po-
tential and limitations, so that application scientists can make a
choice of the technique based on need. The performance evalu-
ation reported is based only on the existing configuration of the
spectrometers. Additional improvements to the existing system
are possible and these are outlined bel ow.

In its current configuration, the CW spectrometer operates
only with an automatic frequency control. Although reasonable
sensitivity and minimal motion artifactsarerealized, implemen-
tation of automatic coupling control will improve the quality
of projections by compensating for changes in the resonator
impedance induced by animal motion. Similarly, implementa-
tion of automatic phase control (APC) can enhance the SNR,
because the phase error can have a marked effect on the noise
level (13). Hence APC can particularly improve the consistency
of the projections of large size objectsin lengthy 3D dataacqui-
sition schemes. Also the temporal resolution can be improved
by the addition of the rapid scan facility (47).

Therectangular pulsesemployed in our study havea(sin x)/x
power profile. Therefore, while the spectral coverage at the cen-
ter is flat, the amplitude falls off rapidly at either end. This
leads to intensity attenuation in theimage profiles, especially in
large objects and/or at large gradients. In MRI, afairly accurate
dice selection is carried out using a (sinx)/x pulse with 1-2
side lobes. While a dlice selection strategy may not be feasi-
blein FT EPR, use of a shaped pulse for the RF excitation can
improve the quality of the pulsed EPR images. Also in the pure
phase encoding imaging modality such as constant timeimaging
may improve the quality of the pulsed EPR images significantly
(48). Our initial experimentsin thisdirection have provided very
promising results.

The potential of EPRI for functional imaging has been recog-
nized (49). EPR can provide useful pathophysiological and bio-
physical information because of the capabilities of ESR spectra
to reflect the environmental conditions. For example, it ispossi-
bleto study thetissue metabolic redox state (50), to monitor pO,
in normal and tumor tissues (43) and to measure tissue pH and
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viscosity (7). Also, short-lived radical species can be detected
indirectly by in vivo spin trapping (51). However, the linewidths

of

nitroxides and the spin adducts of biological interest pre-

clude their detection by the pulsed technique. Hence the CW
technique has an edge over the pulsed technique for the study

of
lo

these large-linewidth systems. Neverthel ess, the recent deve-
pment of narrow-line spin probes for functional imaging (18)

and the potential of the pulsed technique to provide better sensi-
tivity and temporal resolution for such narrow-line spin probes
hold attraction for the development of low-frequency pulsed
EPR instrumentation. The possibility of coregistering anatomic
images (MRI) with functional images (EPRI) (52-54) islikely

to

10.

11.

12.

13.

add extra impetus to research in thisfield.
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