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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. Ty, and T, 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 T, > T,.. We have also de-
veloped a new method for measuring Ty, valid for inhomogeneous
spectra, for all values of Ty, and T, based on measuring the spectral
areaas a function of detection frequency. We have measured T, and
T, 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 T;, 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. T 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. © 2001 Academic Press

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

INTRODUCTION

and pH 6). Recent advances in ESR combined with new in
sights and information from cell and molecular biology meal
that critical determinants for diagnosis and therapy can now |
probed. Physiological and metabolic measurements can prov
a means for optimization of therapy for individual patients.

A paramagnetic sample behaves nonlinearly when irrac
ated by electromagnetic radiation with two frequencies in th
neighborhood of the resonance frequeney) (7). Irradiation
of the spin system by two different but close frequencies,
andwy, is equivalent to irradiation with a single frequency a
(w1 + w2)/2 (=wo) that is sinusoidally modulated at a much
lower frequency,d1 — w7)/2[1], (8):

w1 — w2 w1+ w2
t-cos t. [1

Longitudinally detected ESR (LODESR) involves continuous
transverse ESR irradiation with a modulated source. The sigr
is detected from oscillations in the spin magnetization parall
to the main magnetic field. Thd, oscillations are detected with
a coil tuned ta2 = (w1 — w>), placed parallel to the main field.
Spectra are collected by sweeping the main field to cover the re
onance. It has been demonstrated that RF-LODESR (300 MF
is capable of detecting free radicals with concentrations on tl
order of micromolar from aqueous sampl&$. (Furthermore,
RF-LODESR spectra and images have been obtdameidoin
the rat following administration of nitroxide free radicals such a
PCA (2,2,5,5-tetramethyl pyrrolidine-1-oxyl-3-carboxylic acid)
(10). The theoretical sensitivity limit of RF-LODESR is lower
than for standard RF-ESR with transverse detection for the sal

COSwit + COSwot =2 - COS[

Free radicals play animportant role in the progression of maeycitation frequencyl(l). RF-LODESR, however, has many ad-

diseases and physiological processes. ESR techniques can detettges for biological samples. The dominant noise source
unpaired electrons of free radicals directly ?) and perform an RF-LODESR is the thermal noise of the detection coil with
indirect assessment of pOmicroviscosity, and pHn vivo by very small contribution from the first amplification stad®.(

means of measurements of certain spectral parameters sucAdditionally in LODESR, due to the low detection frequency
electron relaxation times and hyperfine constaBigl{. These the resonant properties of the detection coil are not significant
applications are of particular clinical interest in providing nonaffected by animal cardiac and respiratory motién 0, 12—

invasive, repetitive, rapid, sensitive, and quantitative measufel). LODESR does not suffer from power limitations due to fre
ments B). Oxygen partial pressure is a very important parametguency modulation nois€). The applied power is determined
in most metabolic processes. Furthermore, certain drugs hayehe saturation properties of the samg@e Finally, LODESR

different pharmacological effects depending on the local p@as increased spectral resolution for samples containing m
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than one species of spin systeb®). This is of particular impor- surements from spins witfi,e less than 1us (nitroxides) are
tancein vivo, where the superimposition of broad and narrotherefore not yet feasible. X-band LODESR has been used
lines is common. measureTl;e, overcoming the above problenm3; 24, 33—-3h
For solutions of free radicals, measurements of ESR spdges was determined from measuring LODESR signal as a func
tral linewidth contain information on the electron spin—spin rdgion of modulation frequencylye values ranging from 1@ to
laxation time, Toe. Extraction of this information, however, is1071° s can be determine@9).
complicated because the lineshape depends on many parametdrsthis study, RF-longitudinally detected ESR was used fo
including concentration changes, hyperfine coupling of the elemximetry by measuring the electronic spin—lattice relaxatior
tron with surrounding nuclei, and instrumental sources of litene Tie. T1e Was measured by investigating LODESR signal
broadening 16). The distribution of a free radical agentvivo magnitude, phase, and spectral area as a function of the c
leads to differential bioreduction of the agef?(1§. The ex- tection frequency. Phase is defined as the angle between t
traction of information fronT, can therefore only be qualitativeapplied modulated excitation and the oscillation of the longi-
since the linewidth is influenced by local spin probe concetudinal magnetizationNl;) (7). We measured. initially for
tration. Additionally, the correction for inhomogeneous broadithium phthalocyanine (LiPc) crystals (gifted by Prof. Walzack,
ening effects requires excellent signal-to-noise-ratio (SNR) abdirtmouth College, NH). We have also measuiiad as a
sophisticated spectral analysis techniqué€s 19, 20. The spin— function of agent concentration for the nitroxide TEMPOL (4-
lattice relaxation time of the electrofye, is less dependent onhydroxy-2,2,6,6-tetra-methyl-piperidine-1-oxy, Sigma-Aldrich
concentration change2, 22 and can be obtained indepen-Co. Ltd.) and the single line agent triarylmethyl (TAM OX063,
dently from inhomogeneous broadening effects using LODESW/comed Innovations, Malm”Sweden). We have collected
(23, 29. T, based techniques have another inherent advantagpectra from aqueous solutions of TEMPOL and TAM at differ-
generallyTye is greater thar,e, particularly for slow motion ent oxygen concentrations and measured spin—lattice electror
molecular dynamics, as observed in many biological appliceelaxation times, confirming thae as well asT,. values are
tions 25). The main interaction between the oxygen moleculesduced with increased oxygen concentration.
and the paramagnetic agent in solution is Heisenberg spin ex-
change, which broadens the ESR linewidth and consequently
reducesTy, (5). Oxygen increases the coupling of free radical THEORY
energy states to the lattice, leading to increased probability o
electron relaxation and shortening of the relaxation tin2&. (
The percentage of change Th is much greater as a function

fSeveral investigators have studied the dependence of the a
plitude of the longitudinal magnetization on detection frequency
of oxygen than that oT,e in biological samples, where the ro—C(.)”'gIanl et aI.(2_3), using aqgantum mechanical approach, ob

. Co s tained the following expression for the component of the mag
tational correlation time increase2s. o I .

The current methods for electron spin—lattice relaxation inpg tization oscillating a2 = |(ei — ;)] (not the actual signal
e . . _Induced in the detection coil) in the case of spji21
measurement present certain difficulties that hinder their ap-
plication. Progressive power saturation involves measuring the
EPR signal height as a function of incident microwave poweb 1 i j
(26). It measures an effectivé,, that corresponds to the sum op(£2) o 40 [ J ] ’

. . . Tie
of all relaxation pathways, therefore influenced by hidden pro-
cessesq7, 28. Furthermore, the most significant error is in- (2]
troduced by inaccurate conversion of the power incident on the
resonator into excitation field strength valuBs, It is also lim- wherew; andw; are the angular frequencies of the two irradi-
ited to Ty values longer than 10 s (29). Excessive RF-power ating waves. The main assumption for the validity of the above
dissipation heats the sample, affectihg with increasing tem- expressionwasthat« 1, wherex is the saturation factor (given
perature. Similar problems are involved in an analogue to thg o = y.B2T1cToe, Whereye is the gyromagnetic ratio for the
progressive saturation technique, whe&tgis obtained by ana- electron andB; is the RF excitation field). Th&1, oscillation
lyzing the dynamic nuclear polarization enhancement curve asplitude corresponding to expression [2] is shown in Fig. 1
a function of the saturating magnetic fie@Dj. The amplitude of the fundamental oscillation is plotted as a func

Time domain techniques such as saturation recovery and eli@n of the magnetic field and the detection frequefRc\WhenQ
tron spin echo at radiofrequenci€2( 3]) are restricted to mea- is increased, spins fail to follow the rapid modulation, leading tc
suring relaxation times longer than%0s. Most investigations a decrease of the amplitude of the oscillations of the longitudinz
are limited to very low temperatures where the relaxation timesagnetization and subsequent reduction of the LODESR sign
are usually longer. Additionally, low quality factors are require(R9). For the spins to follow the oscillation of the RF-excitation
for the resonators (reducing sensitivity) in order to reduce rinfield, T;e must be significantly shorter than one period of os-
down overloadingZ3). At RF frequencies, e.g., 300 MHz, thecillation (8). Another significant observation is that the width
receiver dead time is around 425 B82). Relaxation time mea- of the LODESR spectrum increases as a function of detectic

: + -
Tt (wo—w) 1+ (00— o))
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FIG. 2. The longitudinal magnetizatiorM_) oscillation magnitude, corre-
8.900 2 - sponding to expression [4], as a function of detection frequefacypgether
with the real and imaginary components, derived from expression [2], fc
Tie=Toe=1pus.

8.885
Detection 8-360
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FIG. 1. The longitudinal magnetizatiorM;) oscillation magnitude, core- jnteraction and the formulae are identical with those mentione
sponding to expression [2], as a function of the magnetic field and the detectj

frequency<2, for Tie = Toe = 1 us ove.
P e ' The phase of the oscillating componentMf depends on
tatic magnetic field, relaxation times, modulation frequenc

frequency and eventually itbecomes double peaked. LODES d power of irradiation7). For the same power level and

amultiphoton phenomeno@d. As the detectionfrequencyin-ﬁeld value, the phase response to modulation frequency ¢
creases, the two Lorentzians (represented by the terms in sq ’

. ds only on relaxation times. Again, by substituting in [2]
brackets in [2]) become clearer and can eventually be resolvw_ ‘= wo— /2 andw; = w, + 2/2, the expression for the
In the case wher&ye > T, as observed in solids or for quuidsl_'ODESR phase as a{ funct?on of detection frequency can |
with very slow molecular dynamics, the part of [2] Containin%alculated as
the Toe terms remains almost constant as a functioaofith

respect to thd;e term and [2] can be approximated by [Z]3

_ 2. Tle + T2e
Q) =tant(Q. ————=—). 5
36). () = tan ( 2—92'T1e'T2e> o)
Son(Q) x ; [3] There is an apparent phase transition where the real part
T'—le + €2 the signal changes sign (Fig. 3). This correspondsto+r /2,

Substituting in [2],wi = wo — /2 andw; = wo + 2/2
(37), the magnitude of [2] is given by

e

Tle . T2e [4] 11
\/(l + Q2 lee) ’ (l + Q2 T22e/4) Phase

(rads)

|
I
whereK is a proportionality factor. Figure 2 shows a graph of 0 ‘ | ’
|S op(£2)], together with the real and imaginary components a ZTO 40 I 80 800 1000
|

|Sop(R)| =K -

a function of detection frequency, derived from expression [2]
The LODESR signal has also been calculated by Bassompiel
and Pescia38) using the density matrix evolution equation
and by Herve 33) using the Bloch equations reaching a similar
formula. Leporini 86) proposed a theory that extends the resul 2
of the linear response theory (which relates the susceptibilit,

FO the.LapIace. transforms o,f Pf‘?per relaxation functlons), alSOFIG.& TheM; oscillation phase, corresponding to expression [5], as a fun
including nonlinear susceptibilities. The theory takes into fullon of detection frequencg. For the solid lineT1e = 850 ns andize = 750 ns,
account the quantum-mechanical character of the spin-radiati@tile for the dotted lin€le= 350 ns andlze = 300 ns.

T1e=850 ns, T2e=750 ns

7 T1e=350 ns, T2e=300 ns

Detection Frequency (kHz)
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at which point the denominator of the argument of [5] is zerogal part of expression [2] gives
hence

Frear(K)

2 ' )
Qc =/ . 6] e | @) e ke o
Tie- Toe Cr %+(wi—w]—)2[ Vi€ €

1
Tie- [Tife + (0 — wj)z]

Equation [5] provides another useful method for measuring +i-wj-- e ko e%e] +
relaxation times. LODESR phase has also been used by Atsarkin
et al. (39, 40, but only to measure spin-lattice relaxation in the
caseTie > Toe. Both expressions [4] and [5] are valid for both
homogeneous and inhomogeneous lines in the Tasg> Toe.

The inhomogeneous broadening can be attributed to many spin

ensembles in the same spin system that have Larmor frequen&'}ﬁgrek is the angular wavenumber (units of time) &ddlis a
w;, slightly different from each other, according to a specific di?)'roportionality constant. The above calculation was performe
tribution (usually Gaussian) which depends on the environm(witth Mathcad (Mathsoft, Inc., Cambridge, MA) symbolic pro-
(19). The modulus of thev, oscillation amplitude is given by ogqor Only negativievalues were used because of symmetry

the convolution of the LODESR function [2] for a homogeneougnving the Fourier transform on the imaginary part of expres.
line with the distribution function43, 24 sion [2] gives

i Kwi K iKew: ko
'[_wi e K e — e 'eTZe] . [9]

Son(R2) « / dag F (@) 1 1'_ 5 Fimac (K)
Tie (a)i . w])
¢ [

i IS
1 2 [_a)i e kel T
7z + (0 — o))
Tle

wj wj
X | = + - , 7]
[T'—ZeJr(wS—wi) T'—2e+(wé—wj)} 1

Tie- [Tife + (0 — o )2]

) —iko; AT
_w].n'.e J.e29 J—

whereF (w}) is the Larmor frequency distribution function of the
spin ensembles. We have assumed this function to be a Gaussian . )
(29): '[—i e et i) e R -eEﬂ

ko 2 10
g(a)é) = exp|:_% (wow LI)O) i| ’ [8] [ ]
g

Again, C; is a proportionality constant. The Fourier transform
of expression [8] is

wherewyg is the FWHM of the Gaussian curve.

The different spin ensembles contribute to the amplitude of the
LODESR signal and not to the width of the resonance, provided
thatTie > T,e Over the range of detection frequencies of about ) _ )
43/ T1e (23, 24. Under these conditions the integral of the pa;{he product 0f_[9] and[11]is eqt_uvalent t_o the _Founertransform
of expression [7] in square brackets, involving fhe and the of the convolution of the Gaussian function with the real part of
wg terms, remains constant as a function of detection frequen@l:

LODESR therefore directly giveg,e even in the case of in-
homogeneous broadened lines and accounts for the relaxation Feaussream FoaussianX FRreAL- [12]
times of the single spin packet when all spectral components
have the samd;. value @4). LODESR, in the case of manyAccordingly, the product of [10] and [11] is equivalent to the
spin species in the sample, accounts for the niganalue. In Fourier transform of the convolution of the Gaussian functior
particular, when two different;. values are present, the curvewith the imaginary part of [2].
corresponding to the LODESR signal as a function of detec-
tion frequency is the superimposition of two curves, each one Fcaussimag= FcaussianX FimaG - [13]
corresponding to a differeffie (29).

The convolution of functions [2] and [8] is equivalent, in théexpressions [12] and [13] are complex functions. By separatin
frequency domain, to the product of the Fourier transforms ofal and imaginary parts and then substituting: O (in order
these two functionsA(l). Applying the Fourier transform on theto get the DC level of the Fourier transforms), the imaginary

Feaussian= V2 -7 - wg - ei(%kz‘wsﬂ'k‘wo) . [11]
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FIG. 4. Imaginary parts of expressions [13] and [14] fag =500 ns and
T2e=100 ns. The imaginary parts are zero ko 0 (DC level).

The LODESR spectral area corresponds to the total numk
of spins that participate in the LODESR phenomenon. In an &
temptto interpret expression [17],@sncreases, the probability
that the spins will be excited decreases and the population diffe
ence in the spin system decreasigs.determines the timeit,

a given spin spends in a state (spin lifetifig-independent).
The probability that a spin will participate in the resonance de
creases as the period of the oscillating exciting figld = 1/ Q)

is getting significantly shorter thafat, T <« At.

EXPERIMENTAL

LODESR spectra were collected using a coil assembly co
sisting of a birdcage excitation coil and a solenoidal receive
coil, shown in Fig. 5. ESR excitation was applied via a Six-lec
high-pass birdcage coil of 7.5-cm length and 3.8-cm diamete
The coil was tuned to 250 MHz, with @ of 145 (matched

parts of [12] and [13] become zero (Fig. 4). By substituting, 50 ), which was reduced to 57 when loaded with saline
wi = wo— /2 andwj = wo +£2/2 on the real part of [12], we physiological concentration. The solenoidal signal detection ce

have
FXO0 = 2./2.x% LECR P
Gaussreal— < ° ad .wo.wg.(QZ.TZ—Fl)' o
le
Accordingly, [14] gives
k=0 - f 3 lee
FGaussimag— 2:v2-72 - wo-wg- [15]

(Q2-T2+1)

consisted of 116 turns of 0.44-mm-thick, enamel-coated copy.
wire, wound onto a 2.6-cm-diameter plastic tube, to a leng
of 2.2 cm. The solenoid was tuned to cover a range of dete
tion frequencies from 70 kHz to 1 MHz, in 12 steps, in order t
cover a range of detection frequencies. The detection frequer
had to change in a discrete manner so that we always measu
the LODESR signal at resonance of the detection circuitry. Th
was achieved by selecting the appropriate tuning capacitors
the detection circuit by a rotary switch. The LODESR excitatiol
frequency was 250 MHz, mixed with a frequency ranging fron

The function that gives the total DC level of the LODESR corB5 to 500 kHz. TheQ values of the solenoidal coil (not matched
volved function [7] is given by the vectorial sum of expressiongt 50<2) at each detection frequency are shown in Table 1. A

[14] and [15]:

T
FE0=2.V2 7% wp-wg - ———o—— . [16]
JR2-T2+1
Equation [16] can be rewritten as
_ Ty
Foa = C ——— [17]

1/92-Tfe+1‘

Equation [17] gives the DC level of the Fourier transform of the
total convoluted LODESR function (which is the area under thd

LODESR spectrum) as a function of detection frequetiyand

spectra were collected at power levels well below saturation al
did not exceed 0.5 W.

Tie. The Gaussian width parameteg and the central Larmor
frequency ) are incorporated in the constant of proportion-
ality C. Equation [17] is the same relationship as given
by Eqg. [4] for homogeneous lines or inhomogeneous lines whe
T1e > Toe. Theimportance of Eq. [17] stems fromthe fact thatb
measuring the LODESR spectral area as a function of detectid
frequency we can derive the electron spin—lattice relaxationtimg., 5 Photograph of the LODESR RF-coil assemidy.is the direction

(Te) indgpgndently from inhompgeneous broadening, withogfine swept field and; is the direction of the field produced by the birdcage
any restriction for the relationship betwe€n andTae. resonator.
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TABLE 1 fiers. The first stage incorporated a J-FET feedback preamplifi
Q-Values for the Solenoidal Coil as a that employs negative feedback, giving effective detection co
Function of Detection Frequency Q-values around 7, while maintaining the signal-to-noise ratic
Detection frequency (kHz) 0 ofthe undanjped.coilﬁl@). This approach was ma_linly adaptedin
order to avoid using another set of capacitors in order to matc
70 26 the solenoidal coil at each detection frequency. The amplifie
100 40 signal was then applied to a pair of demodulators which are of
160 58 . . .
270 66 erated in quadrature (9@hase difference), forming theand
350 74 y channels of detection. It was then digitized and stored in
410 84 computer (Acorn A5000). Colligiaret al. suggested the use of
490 94 analogic multiplexers in order to insert the appropriate capacitc
228 12?1 in the resonant circui®d), but this idea was abandoned since the
240 108 resistance introduced-40 ohm) was unacceptable and would
810 120 substantially reduce th® factor of the resonator.
970 150 Calibration of the frequency response of the detection af

paratus was performed using a solid DPPH (1-1-diphenyl-2
(not matched to 5@), as measured at each of the p|crylhydra;yl, Sigma-Aldrich Co. Ltd.) sample, whose ESR
12 detection frequencies. Atthese low frequencies relaxation times are known to bRe = Tze = 67 NS ¢3). Tae
Q-values are not signiﬁcanﬂy affected when the and TZG were then calculated by f|tt|ng the experimental date
coil is loaded with a physiological saline sample. to the theoretical lines with Mathcad, by means of the itera
tive Levenberg—Marquardt algorithm4). All spectra were col-

Ig ted at controlled temperature by means of a temperature cc
é{ ller (RS CAL-9000). In-phase and quadrature spectra wer

magnet, formed from an air-cored Helmholtz pair of coils corded against detection frequendy.oscillation magnitude,

: . ; . i r
20-cm internal diameter, with a5.4-cm axial gap. The ('”‘hOUSeS ase, and spectral areas were derived using macros built in E
magnet power supply was computer controlled and swept over g (Microsoft Corp.)

range from 6 to 12 mT in several seconds to collect the I‘ODEéSIn practice, the spectral area is not immediately derived fron

25?‘:[3;2'0?33 (;eSiG nsar;ovéiearak;:)orgk(gll_"ﬁé?;% g é Sgeaiﬁsgi;nﬁ f(;rr da' [17], due to the fact that the two channels of detection do nc
P gnal g essarily coincide with the real orimaginary data. In particula

) nec
Research Systems DS345) were intermodulated by a double lﬂj - . L
anced modulator (minicircuits ZAD-1) to produce the modulate eé area represented by expression [17] s given by

Note. Qvalues of the solenoidal detection coil

The RF-coil assembly was placed inside the main (in-hou

signal which was then amplified by a wide-band RF amplifier
(KALMUS 118C) before coupling to the birdcage coil. The irra- A= AZ+ A [18]
diation power was measured using a 20-dB directional coupler
(minicircuits ZFDC-20-1H) and an inline power meter (BirdVhere
Electronic Corp., Thruline 4391 A). The signal induced in the
detection coil was measured using a pair of homebuilt preampli- Ar = / K- dQ [19]
Signal Generator Signal Generator and
(250 MHz) (35-500 kHz)
SR [20]
Magnet it where& and § are the real and imaginary components of the

M, oscillation. Considering the phase difference betweenthe
channel of the detection circuitry and the real axes to be equ
to ¢, we have

RF Coil Assembly

Preamplifier

S = S -cosp — Sy -sing [21]

y
Demodulator an d

(X-channel)
i Y.
Magnet ] Field X
Power Supply Controller Computer | Demodulator S — S( . S|n¢ + S{ . COS¢, [22]

{Y-channel)

e

FIG.6. Block diagram of the LODESR system. whereSx and S, are the components of thd, oscillation in
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thex andy channels of the detection circuitry. Substituting [21] 7000 1
and [22] in [19] and [20], respectively, we find 0
£ 6000 1
K]
A=\/A§+A,2=\/A§(+A$, [23] g,sooo-
. . § 4000 1
So A can be measured by taking the vectorial sum of the spectral g,
areas from each channel of the detection circuitry. = 3000
The samples for oximetry were prepared by bubbling dif- §
ferent Q/N, gas mixtures through the sample for 45 mim) = 20007
The oxygen concentration of the samples after gas bubbling was§ 1000 1
measured using a Clark-type polarographic electrode (Lazar Re-2
search Labs, Inc., DO-166-NP Micro pQeedle Probe). 0 r r r r .
0 200 400 600 800 1000
RESULTS AND DISCUSSION Detection Frequency (kHz)

Relaxation times were measured initia”y on a sample ofFIG. 8. LODESR signal magnitude as a function of detection frequenc
lithium phthalocyanine, using LODESR oscillation magnitud_@ ) from LiPc ?n No atmosphere. Th(_e theoret_ical line (soli(_i line) correspond
as a function of detection frequency. LiPc crystals are wat'élgioggﬂfi?:;nafgw;’iseﬁstg 4%p:::ally with the experimental data whe
insoluble and not easily biodegraded. The linewidth is very de-
pendent on oxygen tension and has a pure Lorentzian lineshape. L
These properties are very useful for quantitative oxygen mea.//@ 2lS0 measured relaxation times &1 mMaqueous so-

surements46, 47. The sample was deoxygenated, sealed Htion of triarylmethyl, measuring the LODESR signal phas
a glass tube, and kept at room temperaturé €24The spec- and spectral area as a function of detection frequency. TAM

tra were collected using 14 mW of irradiation power. A typif]l stable, water soluble, paramagnetic agent exhibiting a sing

cal spectrum collected is shown in Fig. 7. The theoretical lifi70W ESR line and has particularly good properties for oxim:
corresponding to expression [4] was fitted optimally to the eXY (gO). The(;auol of the (_Ba]cg§S|a(;1_|to_Lor_entZ|an I|hneW|dthT fo
perimental data, as shown in Fig. 8. The fitting parameters w egassed solution at infinite dilution is 33B) The sample
Tie = 934+ 66 ns andT,e = 653+ 46 ns. LiPc expresses avas equilibrated with 100% oxygen gas 82 mg/l dissolved

pure homogeneous line and the FWHM of the LODESR af22]) @nd it was kept at 3T (for future comparisons vivo).
sorption spectrum is 1& 1 ..T, which corresponds to B of The spectra were collected at 150 mW irradiation power. A tyy

631+ 35 ns. A similar value was also obtained by Alect8y ical spectrum collected is shown in Fig. 9. The theoretical lin

for a similar sample, measured with RF-EPR.
6000 -+

- - —--x-channel
- - - - y-channel
8000 - -.—--x-channel 4000 4 Magnitude
»»»»»»» y-channel
7000 ~———— Magnitude
=~ 2000 4
6000 - 2
<
5000 >
z g o
c 8
= . -
3 4000 [
£ c
£ =
= 3000 4 ¥ 2000 4
c
2
o 2000 4
-4000
1000 4
0 o . ATMA 2 :NA o 9
95 9.7 10.3 10.5 -6000 -
-1000 - Magnetic Field (mT)

Magnetic Field (mT)
FIG. 9. LODESR spectrum collected fro a 1 mMaqueous solution of
FIG. 7. LODESR spectrum collected from a degassed LiPc sample ®M equilibrated with pure oxygen at 740 kHz, at°®7, with a 2-mT field
160 kHz, at room temperature (24), with a 1-mT field sweep, 12-s sweepsweep, 14-s sweep time, 50-ms time constant, 1 average, and 150-mW in
time, 50-ms time constant, 1 average, and 20-mW input power. power.
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FIG. 12. LODESR spectra collected from 1 mM degassed TEMPOL in
deionized water at 740 kHz, at 32, with a 6-mT field sweep, 12-s sweep time,

corresponding to LODESR phase as a functiof ¢éxpression 50-ms time constant, 1 average, and 350-mW input power.

[5]) was fitted optimally to the experimental data, as shown in

Fig. 10, resulting in the parameter valuegs = 580+ 32 ns We have also measurdg. as a function of agent concentra-
and Toe=125+ 21 ns. TAM expresses a predominantly hotion for aqueous solutions of TEMPOL and triarylmethyl (TAM
mogeneous line at this oxygen concentration and FWHM @fX063). The samples were kept at&%throughout the experi-
the LODESR absorption spectrum is 184 T, which corre- ments and oxygen concentration for the degassed solutions w
sponds to &> of 111+ 23 ns. The theoretical line correspondmeasured with the Clark electrode as 0.3 mg/L dissolved oxyge
ing to LODESR spectral area as a function@f(expression (5 mm Hg pQ). Typical spectra collected are shown in Figs. 12
[17]) was fitted optimally to the experimental data (Fig. 11)and 13.T; was measured using the spectral area as a functic
giving Tie = 573+ 35 ns. This value is the same within ex-
perimental uncertainties with that measured using the LODESP 10000 -
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of detection frequency approach, which is valid eveninthe ca: 37 [e1am

of inhomogeneously broadened lines such as those from TEI OTEMPOL
POL and TAM. The results are shown in Fig. 14. For TAM the ~ 25
longitudinal relaxation rateTg;l) changes linearly as a function &

of concentration at a rate of 0.0310.004us ! mM~1. TAM is

a large ionic molecule and the dominant relaxation mechanis
between like spins of TAM in aqueous solutions is from dipole-
dipole interactions30, 49. Dipolar interactions are effective
spin—lattice relaxation mechanisms and their effectiveness i
creases as a function of agent concentratid. (

On the other handi,¢ for TEMPOL solutions is constant as a
function of concentration, within experimental errors. TEMPOL - 0.5 1
is a small neutral molecule and the dominant relaxation mec
anism between like spins in aqueous solutions of TEMPOL i ¢ T T T r r |
Heisenberg spin exchangédj. In this caseT,. is independent 0 0.05 0.1 0.15 0.2 0.25 0.3
of free radical concentration changes because spin exchange Oxygen Concentration (mM)
teractions, which occur between free radical molecules, only
result in transfer of magnetization between the hyperfine "neé:IG. 15._ Longitudinal relaxation ratgs as a function of dissolved oxyge_r
(loss of phase coherence) and not in transfer of energy to ﬁﬁgcentraﬂon frqm 1mM aqueous solutions of TEMPOL and TAM. The soli

. S represent linear regression fits.
lattice 1, 22, 25.

This result favors the use of TEMPOL in comparison with
TAM for in vivoapplications since, generally, free radical agentsf detection frequency. The spectra were collected aC37
have differential distribution in various tissues as a result ghd the power input was well below saturation levels (satur:
metabolism to nonparamagnetic derivatives, excretion, distriliion factor, o ~ 0.08). The results are shown in Fig. 15. The
tion to different temperature, and microviscosity areas, or axygen longitudinal relaxivity for TEMPOL was measured a:
tachment to macromolecules within the course of the expe@:726+ 0.590.s 1 mM~1 while for TAM it was measured as
ment (L8). 2.2564 0.718us  mM~1. The percentage of change, however

We have also measured spin-lattice electronic relaxatipgtween the values of longitudinal relaxation rate obtained unc

times for 1 mM aqueous solutions of TAM and TEMPOLanoxic and aerated conditions, is 290 and 679% for TEMPC
at different oxygen concentration$;e values were obtained and TAM, respectively.

again by measuring the LODESR spectral area as a function

oy
[ N
2 "

ongitudinal Relaxation Rates
N

CONCLUSIONS

We have performed relaxation time measurements using cc
tinuous wave RF-LODESRI;. and T, 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 wheflie >> Toe. For the approach involving the
measurement of spectral areég,values are valid in the case of
inhomogeneously broadened lines without any restriction on tl
relationship betweem; andT,e. The main advantages ofc re-
laxometry were described antvitro oximetry was performed.
Measuring oxygetin vivo, independent from free radical con-
centration changes and inhomogeneously broadened lines, i
attractive perspective. There is no need to use spectral analy
OTEMPCL to disentangle these effects, decreasing the overall process
time and then vivorelated artifacts. The above, combined witt
0 T y T T the ability of RF-LODESR to provide images of exogenous fre

0 10 2 %0 40 radicalsin vivo (10), results in a powerful technique that can
Concentration (m) perform accurate, localized, noninvasive measurementsof

FIG. 14. Longitudinal relaxation rates as a function of agent concentr@nd-&e' . .
tion, from degassed aqueous solutions of TEMPOL and TAM. The solid lines R€laxation time measurements could be performed by sele
represent linear regression fits. ing a region of interest on a series of LODESR images collecte

Y
L
4
[~
i
HBH

Longitudinal Relaxation Rates (us'l)
<o
n




RF-LODESR OXIMETRY

at different detection frequencie$;e and T,e could then be 12.
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H. Yokoyama, T. Sato, N. Tsuchihashi, T. Ogata, H. Ohya-Nishiguchi, anc

measured using the signal magnitude and phase approaches’i'- Kamada, A CT using longitudinally detected ESR (LOESR-CT) of in-

Calibration for the decrease of signal intensity due to biological

clearance would not be required when using the signal ph%e

approach. The spectral areas approach would require spectral
spatial imaging. The oxygen relaxivity of the agents is expected
to changen vivo due to the higher viscosity and due to binding
with macromoleculesl;¢ as a function of p@calibration tables 14.
must be developed to correspondriorivo situations.

In the future we intend to investigate the feasibilityimiivo
Tie-weighted LODESR imaging off;e-mapping in order to
achieve oxygen mapping. This would require the development of
software that will allocate relaxation time values for each partic-
ular pixel. Combined applications with NMRY) increase the 16.
potential of the technique, allowing simultaneous collection of

functional and anatomical information.
17.
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