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Electron Spin Relaxation Time Measurements Using Radiofrequency
Longitudinally Detected ESR and Application in Oximetry
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Longitudinally detected ESR (LODESR) involves transverse
ESR irradiation with a modulated source and observing oscillations
in the spin magnetization parallel to the main magnetic field. In this
study, radiofrequency-LODESR was used for oximetry by measur-
ing the relaxation times of the electron. T1e and T2e were measured
by investigating LODESR signal magnitude as a function of detec-
tion frequency. We have also predicted theoretically and verified
experimentally the LODESR signal phase dependence on detection
frequency and relaxation times. These methods are valid even for
inhomogeneous lines provided that T1e À T2e. We have also de-
veloped a new method for measuring T1e, valid for inhomogeneous
spectra, for all values of T1e and T2e, based on measuring the spectral
area as a function of detection frequency. We have measured T1e and
T2e for lithium phthalocyanine crystals, for the nitroxide TEMPOL,
and for the single line agent Triarylmethyl (TAM). Furthermore,
we have collected spectra from aqueous solutions of TEMPOL and
TAM at different oxygen concentrations and confirmed that T1e val-
ues are reduced with increased oxygen concentration. We have also
measured the spin–lattice electronic relaxation time for degassed
aqueous solutions of the same agents at different agent concentra-
tions. T1e decreases as a function of concentration for TAM while it
remains independent of free radical concentration for TEMPOL, a
major advantage for oxygen mapping. This method, combined with
the ability of LODESR to provide images of exogenous free radicals
in vivo, presents an attractive alternative to the conventional trans-
verse ESR linewidth based oximetry methods. C© 2001 Academic Press

Key Words: LODESR; oximetry; electron relaxation times; in vivo
EPR; inhomogeneous broadening.
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INTRODUCTION

Free radicals play an important role in the progression of m
diseases and physiological processes. ESR techniques can
unpaired electrons of free radicals directly (1, 2) and perform an
indirect assessment of pO2, microviscosity, and pHin vivo by
means of measurements of certain spectral parameters su
electron relaxation times and hyperfine constants (3, 4). These
applications are of particular clinical interest in providing no
invasive, repetitive, rapid, sensitive, and quantitative meas
ments (5). Oxygen partial pressure is a very important param
in most metabolic processes. Furthermore, certain drugs
different pharmacological effects depending on the local p2
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and pH (6). Recent advances in ESR combined with new
sights and information from cell and molecular biology me
that critical determinants for diagnosis and therapy can now
probed. Physiological and metabolic measurements can pro
a means for optimization of therapy for individual patients.

A paramagnetic sample behaves nonlinearly when irra
ated by electromagnetic radiation with two frequencies in
neighborhood of the resonance frequency (ω0) (7). Irradiation
of the spin system by two different but close frequencies,ω1

andω2, is equivalent to irradiation with a single frequency
(ω1+ω2)/2 (=ω0) that is sinusoidally modulated at a muc
lower frequency, (ω1− ω2)/2 [1], (8):

cosω1t+ cosω2t=2 · cos

[
ω1−ω2

2

]
t · cos

[
ω1+ω2

2

]
t. [1]

Longitudinally detected ESR (LODESR) involves continuou
transverse ESR irradiation with a modulated source. The sig
is detected from oscillations in the spin magnetization para
to the main magnetic field. TheMz oscillations are detected with
a coil tuned toÄ = (ω1−ω2), placed parallel to the main field
Spectra are collected by sweeping the main field to cover the
onance. It has been demonstrated that RF-LODESR (300 M
is capable of detecting free radicals with concentrations on
order of micromolar from aqueous samples (9). Furthermore,
RF-LODESR spectra and images have been obtainedin vivo in
the rat following administration of nitroxide free radicals such
PCA (2,2,5,5-tetramethyl pyrrolidine-1-oxyl-3-carboxylic acid
(10). The theoretical sensitivity limit of RF-LODESR is lowe
than for standard RF-ESR with transverse detection for the s
excitation frequency (11). RF-LODESR, however, has many ad
vantages for biological samples. The dominant noise sourc
RF-LODESR is the thermal noise of the detection coil with
very small contribution from the first amplification stage (9).
Additionally in LODESR, due to the low detection frequenc
the resonant properties of the detection coil are not significa
affected by animal cardiac and respiratory motion (9, 10, 12–
14). LODESR does not suffer from power limitations due to fr
quency modulation noise (7). The applied power is determine
by the saturation properties of the sample (9). Finally, LODESR
has increased spectral resolution for samples containing m
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than one species of spin system (15). This is of particular impor-
tancein vivo, where the superimposition of broad and narr
lines is common.

For solutions of free radicals, measurements of ESR s
tral linewidth contain information on the electron spin–spin
laxation time,T2e. Extraction of this information, however, i
complicated because the lineshape depends on many param
including concentration changes, hyperfine coupling of the e
tron with surrounding nuclei, and instrumental sources of
broadening (16). The distribution of a free radical agentin vivo
leads to differential bioreduction of the agent (17, 18). The ex-
traction of information fromT2ecan therefore only be qualitativ
since the linewidth is influenced by local spin probe conc
tration. Additionally, the correction for inhomogeneous broa
ening effects requires excellent signal-to-noise-ratio (SNR)
sophisticated spectral analysis techniques (16, 19, 20). The spin–
lattice relaxation time of the electron,T1e, is less dependent o
concentration changes (21, 22) and can be obtained indepe
dently from inhomogeneous broadening effects using LODE
(23, 24). T1e based techniques have another inherent advant
generallyT1e is greater thanT2e, particularly for slow motion
molecular dynamics, as observed in many biological appl
tions (25). The main interaction between the oxygen molecu
and the paramagnetic agent in solution is Heisenberg spin
change, which broadens the ESR linewidth and conseque
reducesT2e (5). Oxygen increases the coupling of free radi
energy states to the lattice, leading to increased probabilit
electron relaxation and shortening of the relaxation times (25).
The percentage of change inT1e is much greater as a functio
of oxygen than that ofT2e in biological samples, where the ro
tational correlation time increases (25).

The current methods for electron spin–lattice relaxation t
measurement present certain difficulties that hinder their
plication. Progressive power saturation involves measuring
EPR signal height as a function of incident microwave pow
(26). It measures an effectiveT1e that corresponds to the su
of all relaxation pathways, therefore influenced by hidden p
cesses (27, 28). Furthermore, the most significant error is i
troduced by inaccurate conversion of the power incident on
resonator into excitation field strength values,B1. It is also lim-
ited toT1e values longer than 10−7 s (29). Excessive RF-powe
dissipation heats the sample, affectingT1e with increasing tem-
perature. Similar problems are involved in an analogue to
progressive saturation technique, whereT1e is obtained by ana
lyzing the dynamic nuclear polarization enhancement curv
a function of the saturating magnetic field (30).

Time domain techniques such as saturation recovery and
tron spin echo at radiofrequencies (22, 31) are restricted to mea
suring relaxation times longer than 10−6 s. Most investigations
are limited to very low temperatures where the relaxation tim
are usually longer. Additionally, low quality factors are requir
for the resonators (reducing sensitivity) in order to reduce ri

down overloading (23). At RF frequencies, e.g., 300 MHz, the
receiver dead time is around 425 ns (32). Relaxation time mea-
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surements from spins withT2e less than 1µs (nitroxides) are
therefore not yet feasible. X-band LODESR has been used
measureT1e, overcoming the above problems (23, 24, 33–35).
T1e was determined from measuring LODESR signal as a fun
tion of modulation frequency.T1e values ranging from 10−5 to
10−10 s can be determined (29).

In this study, RF-longitudinally detected ESR was used f
oximetry by measuring the electronic spin–lattice relaxati
time T1e. T1e was measured by investigating LODESR sign
magnitude, phase, and spectral area as a function of the
tection frequency. Phase is defined as the angle between
applied modulated excitation and the oscillation of the long
tudinal magnetization (Mz) (7). We measuredT1e initially for
lithium phthalocyanine (LiPc) crystals (gifted by Prof. Walzac
Dartmouth College, NH). We have also measuredT1e as a
function of agent concentration for the nitroxide TEMPOL (4
hydroxy-2,2,6,6-tetra-methyl-piperidine-1-oxy, Sigma-Aldric
Co. Ltd.) and the single line agent triarylmethyl (TAM OX063
Nycomed Innovations, Malm¨o, Sweden). We have collected
spectra from aqueous solutions of TEMPOL and TAM at diffe
ent oxygen concentrations and measured spin–lattice electr
relaxation times, confirming thatT1e as well asT2e values are
reduced with increased oxygen concentration.

THEORY

Several investigators have studied the dependence of the
plitude of the longitudinal magnetization on detection frequen
Colligianiet al.(23), using a quantum mechanical approach, o
tained the following expression for the component of the ma
netization oscillating atÄ = |(ωi − ω j )| (not the actual signal
induced in the detection coil) in the case of spin 1/2:

SLOD(Ä) ∝ 1
i

T1e
+Ä

[
ωi

i
T2e
+ (ω0− ωi )

+ ω j
i

T2e
+ (ω0− ω j )

]
,

[2]

whereωi andω j are the angular frequencies of the two irrad
ating waves. The main assumption for the validity of the abo
expression was thatα¿ 1, whereα is the saturation factor (given
by α = γeB2

1T1eT2e, whereγe is the gyromagnetic ratio for the
electron andB1 is the RF excitation field). TheMz oscillation
amplitude corresponding to expression [2] is shown in Fig.
The amplitude of the fundamental oscillation is plotted as a fun
tion of the magnetic field and the detection frequencyÄ. WhenÄ
is increased, spins fail to follow the rapid modulation, leading
a decrease of the amplitude of the oscillations of the longitudi
magnetization and subsequent reduction of the LODESR sig
(29). For the spins to follow the oscillation of the RF-excitatio
field, T1e must be significantly shorter than one period of o

cillation (8). Another significant observation is that the width
of the LODESR spectrum increases as a function of detection
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FIG. 1. The longitudinal magnetization (Mz) oscillation magnitude, corre-
sponding to expression [2], as a function of the magnetic field and the dete
frequencyÄ, for T1e= T2e= 1µs.

frequency and eventually it becomes double peaked. LODES
a multiphoton phenomenon (23). As the detection frequency in
creases, the two Lorentzians (represented by the terms in sq
brackets in [2]) become clearer and can eventually be resol
In the case whereT1eÀ T2e, as observed in solids or for liquid
with very slow molecular dynamics, the part of [2] containin
the T2e terms remains almost constant as a function ofÄ with
respect to theT1e term and [2] can be approximated by [3] (23,
36).

SLOD(Ä) ∝ 1
i

T1e
+Ä [3]

Substituting in [2],ωi = ω0 − Ä/2 andω j = ω0 + Ä/2
(37), the magnitude of [2] is given by

|SLOD(Ä)| = K · T1e · T2e√(
1+Ä2 · T2

1e

) · (1+Ä2 · T2
2e

/
4
) , [4]

whereK is a proportionality factor. Figure 2 shows a graph
|SLOD(Ä)|, together with the real and imaginary components
a function of detection frequency, derived from expression
The LODESR signal has also been calculated by Bassomp
and Pescia (38) using the density matrix evolution equatio
and by Herve (33) using the Bloch equations reaching a simil
formula. Leporini (36) proposed a theory that extends the res
of the linear response theory (which relates the susceptib

to the Laplace transforms of proper relaxation functions), al
including nonlinear susceptibilities. The theory takes into fu
account the quantum-mechanical character of the spin-radia
SON, AND HUTCHISON
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FIG. 2. The longitudinal magnetization (Mz) oscillation magnitude, corre-
sponding to expression [4], as a function of detection frequency,Ä, together
with the real and imaginary components, derived from expression [2],
T1e= T2e= 1µs.

interaction and the formulae are identical with those mention
above.

The phase of the oscillating component ofMz depends on
static magnetic field, relaxation times, modulation frequen
and power of irradiation (7). For the same power level an
field value, the phase response to modulation frequency
pends only on relaxation times. Again, by substituting in [2
ωi = ω0−Ä/2 andω j = ωo + Ä/2, the expression for the
LODESR phase as a function of detection frequency can
calculated as

θ (Ä) = tan−1

(
Ä · 2 · T1e+ T2e

2−Ä2 · T1e · T2e

)
. [5]

There is an apparent phase transition where the real pa
the signal changes sign (Fig. 3). This corresponds toθ = ±π/2,
ll
tion

FIG. 3. TheMz oscillation phase, corresponding to expression [5], as a func-
tion of detection frequencyÄ. For the solid lineT1e= 850 ns andT2e= 750 ns,
while for the dotted lineT1e= 350 ns andT2e= 300 ns.
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at which point the denominator of the argument of [5] is ze
hence

ÄC =
√

2

T1e · T2e
. [6]

Equation [5] provides another useful method for measur
relaxation times. LODESR phase has also been used by Atsa
et al.(39, 40), but only to measure spin–lattice relaxation in t
caseT1eÀ T2e. Both expressions [4] and [5] are valid for bo
homogeneous and inhomogeneous lines in the caseT1eÀ T2e.
The inhomogeneous broadening can be attributed to many
ensembles in the same spin system that have Larmor freque
ω∗o, slightly different from each other, according to a specific d
tribution (usually Gaussian) which depends on the environm
(19). The modulus of theMz oscillation amplitude is given by
the convolution of the LODESR function [2] for a homogeneo
line with the distribution function (23, 24)

SLOD(Ä) ∝
∫

dω∗0F(ω∗0)
1

i
T1e
+Ä

×
[

ωi
i

T2e
+ (ω∗0 − ωi )

+ ω j
i

T2e
+ (ω∗0 − ω j )

]
, [7]

whereF(ω∗o) is the Larmor frequency distribution function of th
spin ensembles. We have assumed this function to be a Gau
(19):

g(ω∗0) = exp

[
−1

2

(
ω∗0 − ω0

wg

)2
]
, [8]

wherewg is the FWHM of the Gaussian curve.
The different spin ensembles contribute to the amplitude of

LODESR signal and not to the width of the resonance, provi
thatT1eÀ T2e over the range of detection frequencies of abo
±3/T1e (23, 24). Under these conditions the integral of the p
of expression [7] in square brackets, involving theT2e and the
ω∗0 terms, remains constant as a function of detection freque

LODESR therefore directly givesT1e even in the case of in-
homogeneous broadened lines and accounts for the relax
times of the single spin packet when all spectral compone
have the sameT1e value (24). LODESR, in the case of man
spin species in the sample, accounts for the meanT1e value. In
particular, when two differentT1e values are present, the curv
corresponding to the LODESR signal as a function of det
tion frequency is the superimposition of two curves, each
corresponding to a differentT1e (29).

The convolution of functions [2] and [8] is equivalent, in th

frequency domain, to the product of the Fourier transforms
these two functions (41). Applying the Fourier transform on the
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real part of expression [2] gives

FREAL(k)

=CR ·
[

(ωi − ω j )
1

T2
1e
+ (ωi − ω j )2

[
−i · ωi · π · e−i ·k·ωi · e k

T2e

+ i · ω j · π · e−i ·k·ω j · e k
T2e

]
+ 1

T1e ·
[

1
T2

1e
+ (ωi − ω j )2

]
·
[
−ωi · π · e−i ·k·ωi · e k

T2e −ω j · π · e−i ·k·ω j · e k
T2e

]]
, [9]

wherek is the angular wavenumber (units of time) andCR is a
proportionality constant. The above calculation was perform
with Mathcad (Mathsoft, Inc., Cambridge, MA) symbolic pro
cessor. Only negativek-values were used because of symmet
Applying the Fourier transform on the imaginary part of expre
sion [2] gives

FIMAG (k)

=CI ·
[

(ωi − ω j )
1

T2
1e
+ (ωi − ω j )2

[
−ωi · π · e−i ·k·ωi · e k

T2e

−ω j · π · e−i ·k·ω j · e k
T2e

]
− 1

T1e ·
[

1
T2

1e
+ (ωi − ω j )2

]
·
[
−i · ωi · π · e−i ·k·ωi · e k

T2e + i · ω j · π · e−i ·k·ω j · e k
T2e

]]
[10]

Again, CI is a proportionality constant. The Fourier transfor
of expression [8] is

FGaussian=
√

2 · π · wg · e−
(

1
2 k2·w2

g+i ·k·ω0

)
. [11]

The product of [9] and [11] is equivalent to the Fourier transfo
of the convolution of the Gaussian function with the real part
[2].

FGaussreal= FGaussian× FREAL. [12]

Accordingly, the product of [10] and [11] is equivalent to th
Fourier transform of the convolution of the Gaussian functi
with the imaginary part of [2].

FGaussimag= FGaussian× FIMAG . [13]

Expressions [12] and [13] are complex functions. By separat

ofreal and imaginary parts and then substitutingk = 0 (in order
to get the DC level of the Fourier transforms), the imaginary
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FIG. 4. Imaginary parts of expressions [13] and [14] forT1e= 500 ns and
T2e= 100 ns. The imaginary parts are zero fork = 0 (DC level).

parts of [12] and [13] become zero (Fig. 4). By substitutin
ωi = ω0−Ä/2 andω j = ω0+Ä/2 on the real part of [12], we
have

Fk=0
Gaussreal= 2 ·

√
2 · π 3

2 · ω0 · wg · T1e(
Ä2 · T2

1e+ 1
) . [14]

Accordingly, [14] gives

Fk=0
Gaussimag= 2 ·

√
2 · π 3

2 · ω0 · wg · T2
1e(

Ä2 · T2
1e+ 1

) . [15]

The function that gives the total DC level of the LODESR co
volved function [7] is given by the vectorial sum of expressio
[14] and [15]:

Fk=0
total = 2 ·

√
2 · π 3

2 · ω0 · wg · T1e√
Ä2 · T2

1e+ 1
. [16]

Equation [16] can be rewritten as

Fk=0
total = C · T1e√

Ä2 · T2
1e+ 1

. [17]

Equation [17] gives the DC level of the Fourier transform of t
total convoluted LODESR function (which is the area under
LODESR spectrum) as a function of detection frequency (Ä) and
T1e. The Gaussian width parameterwg and the central Larmor
frequency (ω0) are incorporated in the constant of proportio
ality C. Equation [17] is the same relationship toÄ, as given
by Eq. [4] for homogeneous lines or inhomogeneous lines w
T1eÀ T2e. The importance of Eq. [17] stems from the fact that
measuring the LODESR spectral area as a function of detec
frequency we can derive the electron spin–lattice relaxation t

(T1e) independently from inhomogeneous broadening, witho
any restriction for the relationship betweenT1e andT2e.
ON, AND HUTCHISON
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The LODESR spectral area corresponds to the total num
of spins that participate in the LODESR phenomenon. In an
tempt to interpret expression [17], asÄ increases, the probability
that the spins will be excited decreases and the population di
ence in the spin system decreases.T1e determines the time,1t ,
a given spin spends in a state (spin lifetime-T2e independent).
The probability that a spin will participate in the resonance d
creases as the period of the oscillating exciting fieldτ (τ = 1/Ä)
is getting significantly shorter than1t, τ ¿ 1t .

EXPERIMENTAL

LODESR spectra were collected using a coil assembly c
sisting of a birdcage excitation coil and a solenoidal recei
coil, shown in Fig. 5. ESR excitation was applied via a Six-le
high-pass birdcage coil of 7.5-cm length and 3.8-cm diame
The coil was tuned to 250 MHz, with aQ of 145 (matched
to 50Ä), which was reduced to 57 when loaded with saline
physiological concentration. The solenoidal signal detection c
consisted of 116 turns of 0.44-mm-thick, enamel-coated cop
wire, wound onto a 2.6-cm-diameter plastic tube, to a len
of 2.2 cm. The solenoid was tuned to cover a range of de
tion frequencies from 70 kHz to 1 MHz, in 12 steps, in order
cover a range of detection frequencies. The detection freque
had to change in a discrete manner so that we always meas
the LODESR signal at resonance of the detection circuitry. T
was achieved by selecting the appropriate tuning capacitor
the detection circuit by a rotary switch. The LODESR excitati
frequency was 250 MHz, mixed with a frequency ranging fro
35 to 500 kHz. TheQ values of the solenoidal coil (not matche
at 50Ä) at each detection frequency are shown in Table 1.
spectra were collected at power levels well below saturation
did not exceed 0.5 W.
ut
FIG. 5. Photograph of the LODESR RF-coil assembly.B0 is the direction

of the swept field andB1 is the direction of the field produced by the birdcage
resonator.
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TABLE 1
Q-Values for the Solenoidal Coil as a

Function of Detection Frequency

Detection frequency (kHz) Q

70 26
100 40
160 58
270 66
350 74
410 84
490 94
570 98
640 104
740 108
810 120
970 150

Note. Q-values of the solenoidal detection coil
(not matched to 50Ä), as measured at each of the
12 detection frequencies. At these low frequencies
Q-values are not significantly affected when the
coil is loaded with a physiological saline sample.

The RF-coil assembly was placed inside the main (in-ho
magnet, formed from an air-cored Helmholtz pair of coils
20-cm internal diameter, with a 5.4-cm axial gap. The (in-hou
magnet power supply was computer controlled and swept o
range from 6 to 12 mT in several seconds to collect the LODE
spectra. Figure 6 shows a block diagram of the system.
outputs of two signal generators (FLUKE 6060B and Stanf
Research Systems DS345) were intermodulated by a doubl
anced modulator (minicircuits ZAD-1) to produce the modula
signal which was then amplified by a wide-band RF ampli
(KALMUS 118C) before coupling to the birdcage coil. The irr
diation power was measured using a 20-dB directional cou
(minicircuits ZFDC-20-1H) and an inline power meter (Bi
Electronic Corp., Thruline 4391 A). The signal induced in
detection coil was measured using a pair of homebuilt pream
FIG. 6. Block diagram of the LODESR system.
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fiers. The first stage incorporated a J-FET feedback preampl
that employs negative feedback, giving effective detection c
Q-values around 7, while maintaining the signal-to-noise ra
of the undamped coil (42). This approach was mainly adapted i
order to avoid using another set of capacitors in order to ma
the solenoidal coil at each detection frequency. The amplifi
signal was then applied to a pair of demodulators which are
erated in quadrature (90◦ phase difference), forming thex and
y channels of detection. It was then digitized and stored in
computer (Acorn A5000). Colligianiet al.suggested the use o
analogic multiplexers in order to insert the appropriate capac
in the resonant circuit (23), but this idea was abandoned since th
resistance introduced (∼40 ohm) was unacceptable and wou
substantially reduce theQ factor of the resonator.

Calibration of the frequency response of the detection
paratus was performed using a solid DPPH (1-1-diphenyl
picrylhydrazyl, Sigma-Aldrich Co. Ltd.) sample, whose ES
relaxation times are known to beT1e = T2e = 67 ns (43). T1e

and T2e were then calculated by fitting the experimental da
to the theoretical lines with Mathcad, by means of the ite
tive Levenberg–Marquardt algorithm (44). All spectra were col-
lected at controlled temperature by means of a temperature
troller (RS CAL-9000). In-phase and quadrature spectra w
recorded against detection frequency.Mz oscillation magnitude,
phase, and spectral areas were derived using macros built in
cel (Microsoft Corp.).

In practice, the spectral area is not immediately derived fro
Eq. [17], due to the fact that the two channels of detection do
necessarily coincide with the real or imaginary data. In particu
the area represented by expression [17] is given by

A =
√

A2
R+ A2

I , [18]

where

AR =
∫

SR · dÄ [19]

and

AI =
∫

SI · dÄ, [20]

whereSR andSI are the real and imaginary components of t
Mz oscillation. Considering the phase difference between thx
channel of the detection circuitry and the real axes to be eq
to φ, we have

SR = SX · cosφ − SY · sinφ [21]

and

SI = SX · sinφ + SY · cosφ, [22]
whereSX and SY are the components of theMz oscillation in
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thex andy channels of the detection circuitry. Substituting [2
and [22] in [19] and [20], respectively, we find

A =
√

A2
R+ A2

I =
√

A2
X + A2

Y. [23]

SoA can be measured by taking the vectorial sum of the spe
areas from each channel of the detection circuitry.

The samples for oximetry were prepared by bubbling d
ferent O2/N2 gas mixtures through the sample for 45 min (45).
The oxygen concentration of the samples after gas bubbling
measured using a Clark-type polarographic electrode (Laza
search Labs, Inc., DO-166-NP Micro pO2 Needle Probe).

RESULTS AND DISCUSSION

Relaxation times were measured initially on a sample
lithium phthalocyanine, using LODESR oscillation magnitu
as a function of detection frequency. LiPc crystals are w
insoluble and not easily biodegraded. The linewidth is very
pendent on oxygen tension and has a pure Lorentzian linesh
These properties are very useful for quantitative oxygen m
surements (46, 47). The sample was deoxygenated, sealed
a glass tube, and kept at room temperature (24◦C). The spec-
tra were collected using 14 mW of irradiation power. A typ
cal spectrum collected is shown in Fig. 7. The theoretical
corresponding to expression [4] was fitted optimally to the
perimental data, as shown in Fig. 8. The fitting parameters w
T1e = 934± 66 ns andT2e = 653± 46 ns. LiPc expresses
pure homogeneous line and the FWHM of the LODESR
sorption spectrum is 18± 1 µT, which corresponds to aT2e of
631± 35 ns. A similar value was also obtained by Alecci (48)
for a similar sample, measured with RF-EPR.
FIG. 7. LODESR spectrum collected from a degassed LiPc sample
160 kHz, at room temperature (24◦C), with a 1-mT field sweep, 12-s sweep
time, 50-ms time constant, 1 average, and 20-mW input power.
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FIG. 8. LODESR signal magnitude as a function of detection freque
(Ä ) from LiPc in N2 atmosphere. The theoretical line (solid line) correspo
ing to expression [4] was fitted optimally with the experimental data w
T1e= 934± 66 ns andT2e= 653± 46 ns.

We also measured relaxation times for a 1 mMaqueous so-
lution of triarylmethyl, measuring the LODESR signal pha
and spectral area as a function of detection frequency. TAM
a stable, water soluble, paramagnetic agent exhibiting a sin
narrow ESR line and has particularly good properties for oxim
try (30). The ratio of the Gaussian to Lorentzian linewidths
the degassed solution at infinite dilution is 3.3 (30). The sample
was equilibrated with 100% oxygen gas (37± 2 mg/l dissolved
[O2]) and it was kept at 37◦C (for future comparisonsin vivo).
The spectra were collected at 150 mW irradiation power. A t
ical spectrum collected is shown in Fig. 9. The theoretical l

FIG. 9. LODESR spectrum collected from a 1 mM aqueous solution of
◦
atTAM equilibrated with pure oxygen at 740 kHz, at 37C, with a 2-mT field

sweep, 14-s sweep time, 50-ms time constant, 1 average, and 150-mW input
power.
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FIG. 13. LODESR spectra collected from 1 mM degassed TAM in deionized
RF-LODESR

FIG. 10. LODESR signal phase as a function of detection frequencyÄ,
from a 1 mM aqueous solution of TAM equilibrated with pure oxygen. T
theoretical line (solid) corresponding to expression [5] was fitted optimally w
the experimental data whenT1e= 580± 32 ns andT2e= 125± 21 ns.

corresponding to LODESR phase as a function ofÄ (expression
[5]) was fitted optimally to the experimental data, as shown
Fig. 10, resulting in the parameter valuesT1e = 580± 32 ns
and T2e= 125± 21 ns. TAM expresses a predominantly h
mogeneous line at this oxygen concentration and FWHM
the LODESR absorption spectrum is 102± 1 µT, which corre-
sponds to aT2e of 111± 23 ns. The theoretical line correspon
ing to LODESR spectral area as a function ofÄ (expression
[17]) was fitted optimally to the experimental data (Fig. 1
giving T1e = 573± 35 ns. This value is the same within e
perimental uncertainties with that measured using the LODE
phase approach.

FIG. 11. LODESR spectral area as a function of detection frequencyÄ,
from a 1 mM aqueous solution of TAM equilibrated with pure oxygen. T

theoretical line (solid line) corresponding to expression [18] was fitted optima
with the experimental data whenT1e= 573± 35 ns.
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FIG. 12. LODESR spectra collected from 1 mM degassed TEMPOL
deionized water at 740 kHz, at 37◦C, with a 6-mT field sweep, 12-s sweep time
50-ms time constant, 1 average, and 350-mW input power.

We have also measuredT1e as a function of agent concentra
tion for aqueous solutions of TEMPOL and triarylmethyl (TAM
OX063). The samples were kept at 37◦C throughout the experi-
ments and oxygen concentration for the degassed solutions
measured with the Clark electrode as 0.3 mg/L dissolved oxy
(5 mm Hg pO2). Typical spectra collected are shown in Figs. 1
and 13.T1e was measured using the spectral area as a func
llywater at 160 kHz, at 37◦C, with a 0.5-mT field sweep, 28-s sweep time, 50-ms
time constant, 1 average, and 50-mW input power.
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of detection frequency approach, which is valid even in the c
of inhomogeneously broadened lines such as those from T
POL and TAM. The results are shown in Fig. 14. For TAM t
longitudinal relaxation rate (T−1

1e ) changes linearly as a functio
of concentration at a rate of 0.031± 0.004µs−1 mM−1. TAM is
a large ionic molecule and the dominant relaxation mechan
between like spins of TAM in aqueous solutions is from dipol
dipole interactions (30, 49). Dipolar interactions are effective
spin–lattice relaxation mechanisms and their effectiveness
creases as a function of agent concentration (50).

On the other hand,T1e for TEMPOL solutions is constant as
function of concentration, within experimental errors. TEMPO
is a small neutral molecule and the dominant relaxation me
anism between like spins in aqueous solutions of TEMPOL
Heisenberg spin exchange (49). In this case,T1e is independent
of free radical concentration changes because spin exchang
teractions, which occur between free radical molecules, o
result in transfer of magnetization between the hyperfine li
(loss of phase coherence) and not in transfer of energy to
lattice (21, 22, 25).

This result favors the use of TEMPOL in comparison w
TAM for in vivoapplications since, generally, free radical age
have differential distribution in various tissues as a result
metabolism to nonparamagnetic derivatives, excretion, distr
tion to different temperature, and microviscosity areas, or
tachment to macromolecules within the course of the exp
ment (18).

We have also measured spin–lattice electronic relaxa
times for 1 mM aqueous solutions of TAM and TEMPO
at different oxygen concentrations.T1e values were obtained
again by measuring the LODESR spectral area as a func

FIG. 14. Longitudinal relaxation rates as a function of agent concen

tion, from degassed aqueous solutions of TEMPOL and TAM. The solid lin
represent linear regression fits.
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FIG. 15. Longitudinal relaxation rates as a function of dissolved oxyg
concentration from 1 mM aqueous solutions of TEMPOL and TAM. The so
lines represent linear regression fits.

of detection frequency. The spectra were collected at 37◦C
and the power input was well below saturation levels (satu
tion factor,α∼ 0.08). The results are shown in Fig. 15. Th
oxygen longitudinal relaxivity for TEMPOL was measured a
6.726± 0.590µs−1 mM−1 while for TAM it was measured as
2.256± 0.718µs−1 mM−1. The percentage of change, howeve
between the values of longitudinal relaxation rate obtained un
anoxic and aerated conditions, is 290 and 679% for TEMP
and TAM, respectively.

CONCLUSIONS

We have performed relaxation time measurements using c
tinuous wave RF-LODESR.T1e andT2e values were obtained
by measuring the magnitude, phase, and area of the LODE
spectrum as a function of detection frequency. The results
valid in the case of inhomogeneously broadened lines for
approaches whenT1e À T2e. For the approach involving the
measurement of spectral areas,T1e values are valid in the case o
inhomogeneously broadened lines without any restriction on
relationship betweenT1eandT2e. The main advantages ofT1e re-
laxometry were described andin vitro oximetry was performed.
Measuring oxygenin vivo, independent from free radical con
centration changes and inhomogeneously broadened lines,
attractive perspective. There is no need to use spectral ana
to disentangle these effects, decreasing the overall proces
time and thein vivo related artifacts. The above, combined wi
the ability of RF-LODESR to provide images of exogenous fr
radicalsin vivo (10), results in a powerful technique that ca
perform accurate, localized, noninvasive measurements ofT1e

andT2e.

es Relaxation time measurements could be performed by select-
ing a region of interest on a series of LODESR images collected
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at different detection frequencies.T1e and T2e could then be
measured using the signal magnitude and phase approa
Calibration for the decrease of signal intensity due to biologi
clearance would not be required when using the signal ph
approach. The spectral areas approach would require spec
spatial imaging. The oxygen relaxivity of the agents is expec
to changein vivodue to the higher viscosity and due to bindin
with macromolecules.T1e as a function of pO2 calibration tables
must be developed to correspond toin vivosituations.

In the future we intend to investigate the feasibility ofin vivo
T1e-weighted LODESR imaging orT1e-mapping in order to
achieve oxygen mapping. This would require the developmen
software that will allocate relaxation time values for each par
ular pixel. Combined applications with NMR (51) increase the
potential of the technique, allowing simultaneous collection
functional and anatomical information.
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