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We describe a new method to enhance the spatial resolution of
multi-site electron paramagnetic resonance (EPR) oximetry. The
method is suitable for any shape (density distribution function) of
a solid paramagnetic material implanted in tissue. It corrects dis-
tortions of lineshapes caused by the gradient and thus overcomes
limitations of previous multi-site EPR oximetry methods that re-
stricted the ratio of the particle size to the distance between sites. The
new method is based on consecutive applications of magnetic field
gradients with the same direction but with a different magnitude
and uses a convolution-based fitting algorithm to derive Lorentzian
EPR linewidths of each individual peak of the EPR spectrum. The
method is applicable for any particulate EPR oxygen sensitive ma-
terials whose EPR spectra can be approximated by a Lorentzian
function or a superposition of Lorentzian functions. By incorporat-
ing this model of the lineshape in the data processing, we are able to
decrease significantly the number of parameters needed for the cal-
culations and to recover the oxygen concentration, even from quite
noisy spectra. We (i) describe our method and the data-processing
algorithm, (ii) demonstrate our approach in model and in vivo ex-
periments, and (iii) discuss the limitations. C© 2001 Academic Press

Key Words: EPR oximetry; multi-site EPR oximetry; tissue pO2;
convolution-based fitting.
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INTRODUCTION

The local oxygen concentration is an important paramete
many physiological and pathophysiological processes. Un
standing of these processes calls for accurate and minim
invasive measurements of local oxygen. Up to now most
rect measurements of tissue pO2 have been carried out usin
oxygen electrodes. Although accurate, these measurement
fer from some limitations due to trauma associated with p
tioning of the electron in the tissue and the difficulty of ma
ing repetitive measurements in the same animal at exactly
same place. Electron paramagnetic resonance (EPR) oxim
appears to be a new method capable of overcoming these
lems. Particularly, the use of particulate oxygen probes ma
1 To whom correspondence should be addressed. Fax: (603)650-1
E-mail: oleg.grinberg@dartmouth.edu.
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EPR oximetry very suitable for repetitive measurements of p2

at specific sites in biological samples bothin vitro and in vivo
(1–8).

The EPR oximetry method is based on observing effects
molecular oxygen on EPR spectra in either continuous w
(CW) or time-domain experiments. Several different types
oxygen-sensitive paramagnetic materials have been devel
for this use, including both soluble and particulate materi
(for example, nitroxide radicals, coals such as fusinite, car
hydrate chars, and metalloorganic compounds such as lith
phthalocyanine, LiPc). For nitroxide radicals and most par
ulate probes, the main mechanism of the effect of oxygen
the EPR spectra is the shortening of both spin–spin and sp
lattice relaxation times by Heisenberg exchange during bimo
ular collisions, although for several particulate probes dynam
dipolar interaction with oxygen could also affect a relaxati
rate.

Repetitive oxygen measurements with EPR require that
probes remain in place for the entire period of the experime
and that their properties are unaffected by local metabolic p
cesses and local changes in the environment such as variatio
pH. Several oxygen probes including LiPc, coals, and some
bohydrate chars do satisfy all these requirements (2, 4, 6, 7). LiPc
is a particularly attractive probe for EPR oximetry because
CW EPR spectrum is very narrow (with a peak-to-peak∼30-mG
linewidth in the absence of oxygen), the spectrum is mode
well by a Lorentzian function, and the response to oxygen
linear function of pO2 (3). In recent years EPR oximetry with
LiPc has been applied to study the effects of various anesthe
on brain oxygenation (5, 9–11) and the effects of a hemoglobin
shifter on cerebral pO2 under baseline conditions and after acu
hemorrhage (12, 13). Recently this technique was utilized in th
study of acute cerebral ischemia and reperfusion, induced
selective reversible unilateral occlusion of the middle cereb
artery of the rat brain. Acute changes of the pO2 in both the is-
chemic and control side of the brain were measured simulta
ously over the entire experimental period (14). The latter study
employed magnetic field gradients to simultaneously mon
pO2 at several sites.
7 1090-7807/01 $35.00
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Experimental conditions for multi-site EPR oximetry and in
tial in vivo demonstrations were previously described in (15).
Particularly, if the size of the implanted probe particles is su
ciently small compared with the distances between the impla
then the magnitude of a magnetic field gradient could be c
sen so the individual EPR spectra from the implants beco
resolved and not distorted to any significant extent by the m
netic field gradient. It was estimated that for implanted partic
with rectangular shapes and length, about 0.2 mm optim
resolved spectra with minimal (<1%) distortion of Lorentzian
shapes are obtained if the distance between the implants ex
1.8 mm. It also was estimated that in order to keep the distor
minimal (e.g., less than 1%), the maximum magnitude of
gradient should be limited. For LiPc particles that are 0.2 m
long and have peak-to-peak EPR linewidths of 30 mG, the
dient should not be greater than 0.34 G/cm to avoid distort
in excess of 1%.

Although (15) was a valuable demonstration that EPR oxim
try can provide pO2 measurement in several sites simultaneou
the technique employed in that study has several limitatio
First, the method imposes special geometrical requiremen
implanted particles (particularly size to inter-site ratio). S
ondly, the requirement of not disturbing the lineshape of in
vidual implants limits the maximum magnitude of the magne
field gradient that could be applied, and this limits the spec
resolution. In other words, the method lacks corrections of
measured EPR linewidth for distortions caused by magnetic
dients of arbitrary magnitudes and arbitrary shape/density fu
tions of a solid paramagnetic material implanted in the tiss
and therefore it is not applicable if the local oxygen concen
tion varies over the length of the implant (site) or if the sites
close to each other.

To overcome the current limitations of multi-site EPR oxim
try and to improve its spatial resolution, we have develope
new method that is based on consecutive applications of m
netic field gradients with the same direction but different mag
tudes. The method is suitable for any shape (density distribu
function) of a solid paramagnetic material implanted in the tis
because it allows us to correct for lineshape distortions cau
by the gradient, and thus to overcome the previous limitation
the particle size, inter-site distance ratio.

The use of magnetic field gradients with two different ma
nitudes has been described previously to reconstruct
dimensional density functions for two paramagnetic centers h
ing overlapping but different and known EPR spectra in
absence of a gradient (16). The method is based on solvin
a system of equations in the frequency domain with a con
quent optimized filtering of the inverse Fourier transform (16).
The method we present here is different. Instead of recove
unknown density distribution function(s), our goal is to get
accurate measure of undistorted lineshapes. By incorpora

a model of the lineshape in the data processing, we were
to decrease significantly the number of parameters that w
needed and to recover the oxygen concentration even from q
OV, AND SWARTZ
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noisy spectra. Below we (i) describe our method and the d
processing algorithm, (ii) demonstrate our approach in mo
and in vivo experiments, and (iii) discuss the limitations.

RESULTS

Theoretical Considerations

Application of inhomogeneous magnetic fields allows one
encode the spatial information in the EPR spectra. Gener
EPR spectrumJ(B) is given by an integral

J(B) =
∫
V

f (B− B0(r ))µ(r ) dr , [1]

where µ(r ) is the distribution (density) function of param
agnetic centers andf (B(r )) is the lineshape function. When
the external magnetic field is changing linearly, i.e.,B(r ) =
B0+ r (∂B/∂r ) = B0+ r gradB, Eq. [1] is simplified to a con-
volution integral (17) which can be written in either spectral [2
or spatial [3] coordinates:

J(B, gradB) =
∞∫
−∞

p(B′) f
(
B− B′,1B1/2

)
d B′

= p(B) ∗ f (B) [2]

J(r, gradB) =
∫
V

p(r ′) f
(
r − r ′,1r1/2

)
dr ′

= p(r ) ∗ f (r ). [3]

In these equationsp is the projection of the density of paramag
netic centers on the direction of the gradient,f is the lineshape
of EPR spectrum in the absence of the gradient, and∗ denotes
the convolution.

For the purpose of this paper it is convenient to use spa
coordinates (i.e., Eq. [3]). It is worth noting that in this sca
the projection functionp(r ) is independent of the magnitude o
the magnetic field gradientgradB, but the lineshape function
f (r,1r p−p) changes with the magnitude of the magnetic fie
gradient because (r − r0) = (B− B0)/gradB.

The EPR lineshape for many oxygen-sensitive mater
can be approximated well by a Lorentzian function (e.g.,
LiPc)

f (B) = 2A

π

1B2
1/2

1B2
1/2+ 4(B0− B)2

[4]

or as a superposition of a few Lorentzian functions (e.g., car
hydrate chars). In Eq. [4]1B1/2 is the linewidth at half of the line
able
ere
uite

height andA is the value of the double integral that is propor-
tional to the number of spins. When transformed from spectral
coordinate scaleB to the spatial coordinatesr , the width of the
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lineshape function scales with the gradient:

1r1/2 = 1B1/2

gradB
. [5]

We record two EPR spectraJi (r, (gradB)i ); i = 1, 2 at two
different magnetic field gradients (gradB)2 > (gradB)1 applied
in the same direction. Thus

J1(r, (gradB)1) = p(r ) ∗ f
(
r,
(
1r1/2

)
1

)
= p(r ) ∗ [ f

(
r,
(
1r1/2

)
2

) ∗ f
(
r,1r1/2

)]
= J2(r, (gradB)2) ∗ f

(
r,1r1/2

)
, [6]

where

1r1/2=
(
1r1/2

)
1−

(
1r1/2

)
2=1B1/2

[
1

(gradB)1
− 1

(gradB)2

]
.

[7]

Equation [6] could be derived because the convolution of
Lorentzian functions gives a Lorentzian function with a wid
equal to the sum of the initial widths. Equation [6] shows t
when expressed in spatial coordinates, the EPR spectrumJ1(r )
taken at a smaller gradient can be presented as a convo
of a spectrumJ2(r ) taken with a larger gradient (gradB)2 and
a Lorentzian functionf (r,1r1/2) with a linewidth1r1/2 that
depends on the undistorted linewidth1B1/2 and the magnitude
of the two gradients as given by Eq. [7]. When the second
dient is much larger than the ratio of the EPR linewidth to
size of the solid probe that gives rise to the EPR signal, the
jection functionp(r ) is well approximated byJ2(r ) and Eq. [6]
reduces to Eq. [3]. This means that if the projection funct
p(r ) is known from another experiment, then Eq. [2] or Eq.
could be applied to derive the width of the EPR spectrum an
correction by Eq. [7] is necessary. However, in a typicalin vivo
EPR oximetry experiment, the projection functionp(r ) cannot
be determined separately (e.g., the shape of the LiPc cr
is irregular and its orientation after implantation is unkno
or there is an uncertainty whether the crystal has broken a
during the implantation). Because the signal-to-noise ratio
its the maximum gradient, the more general Eqs. [6] and
can be used instead. In the latter case a convolution integ
constructed from the experimental spectrumJ2(r) rescaled ac
cording to spatial coordinater = B/(gradB)2 and a Lorentzian
function f (r,1r1/2) which is generated digitally. This convo
lution integral is then fitted to another experimental spect
J1(r) measured with a smaller gradient (gradB)1. The same kind
a convolution-based fitting was previously described to simu
broadening of isotropic and anisotropic EPR spectra or sele

parts of the spectra by additional isotropic interactions (18, 19).
It has been shown that the linewidth, double-integrated int
sity, and position of the “broadening” functionf in a convolu-
MULTI-SITE EPR OXIMETRY 249

wo
th
at

tion

ra-
he
ro-

on
3]
no

stal
n

part
m-
[7]
al is

-
m

ate
ted

tion integral given by Eq. [2] or Eq. [3] can be derived usi
Levenberg–Marquardt optimization.

Summary of the Method

The method of high spatial resolution, multi-site EPR oxim
try is organized as follows:

1. A magnetic field gradient is applied to separate the E
signals from different implants of oxygen sensitive solid ma
rial (such as LiPc) injected into a tissue of interest. Initially, t
direction of the gradient can be varied to optimize the spec
resolution at a particular gradient strength. The key assump
is that only a limited number of particles of the probe mate
are present, so they can be resolved by applying magnetic
gradient. (In a typicalin vivo experiment, particulate oxyge
probes are injected through a needle so they are principally
tributed along the direction of the injection, and thus could
resolved with one-dimensional magnetic field gradients.)

2. Once the direction of magnetic field gradient is optimiz
two spectraJ1 (r, (gradB)1) and J2 (r, (gradB)2) are taken at
two different magnitudes of the gradient (gradB)2 > (gradB)1

of the same direction. If spectrumJ1 was recorded ove
the spectral window1B1= Binitial − Bfinal (scan range of the
magnetic field), then in order to keep the same spatial coordi
scale, a second spectrum at a larger gradient (gradB)2 has to
be rescaled. For this reason the second spectrum shou
taken over a larger window1B2 = 1B1× (gradB)2/(gradB)1

and digitized with the same number of data points as the
spectrum. Some spectrometers may not allow setting desi
spectral windows1B1 and1B2. Then the taken spectra shou
be rescaled/interpolated to desirable windows with comp
software such as EWVoigt or others.

3. The next step is the least-squares fitting according to
convolution equation [6]. During the fitting the experimenta
measured spectrumJ2 taken at a larger magnetic field gradie
serves as a fixed function, which we call “envelope.” This sp
trum is digitally convolved with a Lorentzian broadening fun
tion f that is computer-generated. The result of the convolu
is compared withJ1, and the parameters of the Lorentzian bro
ening function (linewidth, amplitude, position, and, if desire
the contribution of any out-of-phase dispersive component)
optimized. This fitting can be done effectively and accurat
using a fast convolution algorithm combined with Levenbe
Marquardt optimization, which we described previously (18, 19)
and which is utilized in the EWVoigt program. The algorith
allows an arbitrary fixed inhomogeneous envelope function
be included directly in the fitting procedure. The fitting is carr
out by comparing two spectra taken at magnetic field gradi
of different magnitudes. This leads to a one-linewidth param
fitting, and thus increases the accuracy of computation.
algorithm also provides estimates of the uncertainties of
en-
rameters from a standard covariance matrix procedure (18, 19).

4. During the fitting it is more convenient to use the mag-
netic field scale corresponding to the spectrumJ1. Then the
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“best fit value” for the width of the Lorentzian broadening fun
tion derived from the fit1B1/2;FIT is related to the “natural” (or
undistorted) linewidth1B1/2 of an oxygen probe by a modifie
Eq. [7]

1B1/2;FIT = 1r1/2(gradB)1

= 1B1/2[1− (gradB)1/(gradB)2]. [8]

Results with Model Spectra

The algorithm was tested on a set of computer-simulated s
tra. Figure 1 depicts one of the models used for such a tes
this model we assume that the oxygen-sensitive EPR mat
is uniformly distributed within a cylinder and a parallelepip

FIG. 1. The shapes of phantoms, distributions of paramagnetic cen
and computer-simulated EPR spectra in a model system: A, cross section
cylinder and a parallelepiped containing an oxygen-sensitive EPR mater
uniform density; B, a projection of the density of paramagnetic centers
the direction of the magnetic field gradient; C, computer-simulated “noise-f
EPR spectra without magnetic field gradient; D, E, F, G, and H, simulated sp

with magnetic field gradient shown in the spatial coordinater ; the magnitude
of the gradient isgradB = 0.5, 1, 2.0, 4.0, and 8.0, respectively, measured i
units of1B1/2/1r . See text for additional details.

sult
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with the same spin density. The cross sections of these sh
are shown in Fig. 1A. Figure 1B shows the simplest project
of the density of paramagnetic centers onto a direction of
magnetic field gradient. The diameter of the cylinder was se
be equal to the length of the parallelepiped edge in the direc
of the gradient and equal to the spacing between the two sha
1r . It was assumed that in a uniform magnetic field, the shap
the EPR spectra from each of the objects is a Lorentzian; h
ever, the linewidth corresponding to the parallelepiped is 80%
that for the cylinder (i.e., 0.8×1B1/2 and1B1/2, respectively).
These two EPR spectra, whose signal intensity (double integ
is proportional to the number of spins in each of the two obje
(for uniform samples it is proportional to their volumes), are s
perimposed in Fig. 1C and correspond togradB= 0. When the
magnetic field gradient was set to1B1/2/1r , the EPR spectra
from each of the objects became resolved. We have simulat
series of EPR spectra from such a sample at different value
magnetic field gradients (Figs. 1D–1H). To better visualize
lineshapes, all spectra in this figure were normalized by peak
peak amplitude. The magnitudes of the magnetic field grad
for the rest of the spectra, measured in units of1B1/2/1r , were
as follows: D, 0.5; E, 1.0; F, 2.0; G, 4.0; and H, 8.0. Spe
tra in Figs. 1D through 1H are shown in a scale of the spa
coordinater . This set of spectra illustrates that for spectra co
verted to the spatial coordinater , an increase in the gradien
results in an apparent linewidth narrowing. Thus, the rela
contribution of natural lineshape to the recorded spectra p
gressively decreases from ca. 66% in Fig. 1C to only 11%
Fig. 1H.

Because the widths of Lorentzian functions correspondin
each of the shapes are different, Eq. [6] cannot be applied to
ulate the entire spectrum taken with a magnetic field gradi
but the parts of the spectra could be simulated instead. Cle
when the magnetic field gradientgradBÀ 1B1/2/1r , where
1r is the distance between two objects, there is no overla
the spectra and so they can be simulated separately (for e
ple, by splitting the spectrum into two halves or by optimizi
the simulation results for only a part of the spectrum). Howev
for technical reasons such large gradients could be unattain
Thus, in practice, the spectra could have some partial and
substantial overlap such as in Figs. 1D and 1F. Even in the la
case our method should be applicable depending on the ma
tude of linewidth gradient (i.e., the difference in the linewidt
present in the system.

To demonstrate this, let us consider the fitting of the partia
resolved spectrum shown in Fig. 1E. In these fittings the sp
trum from Fig. 1G was taken as a nonadjustable envelope fu
tion (i.e., functionJ2 in Eq. [6]) and fitted to spectrum Fig. 1E
(i.e., functionJ1 in Eq. [6]) using the convolution Eq. [6]. Re
sults of typical fittings are shown in Fig. 2. Initially, the lowe
field part of the spectrum (left from the dashed line in Figs.
and 2B) was chosen as the interval to be fit. The best-fit re
nis superimposed on the spectrum (Fig. 2A) and the residual (the
difference between the spectrum and the fit) is shown at the
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FIG. 2. Results of least-squares fitting of the computer-simulated “no
free” spectrum in Fig. 1E using the spectrum in Fig. 1G as a nonadjust
“envelope” function in the convolution Eq. [6]: A, the lower field part of th
spectrum was chosen as the interval to be fit and C, the high field part o
spectrum was chosen as the interval to be fit. The simulated spectra are s
as dotted lines. Figures 2B and 2D are the residuals (the difference betwee
spectra and the fits). Spectra in Figs. 2E and 2G illustrate least-squares
of the same spectra as in upper portion of the figure but adding a comp
generated Gaussian noise. The standard deviation of the noise was chose
2% of the signal peak-to-peak amplitude.

bottom (Fig. 2B). While the residual is essentially a straight l
over the interval that was fit, the deviation between the spect
and the simulation outside the interval is rather large. This d
ation is due to the difference in linewidths corresponding the
sites. We then can estimate the shape of the residual assu
that the simulations for one of the sites are “perfect.” The spe
J1 and J2 we used in the fitting are actually superpositions
the spectra from the individual sites which we denote with(a)

and(b)

Ji = J(a)
i + J(b)

i , i = 1, 2.

Equation [6] is still valid but only for the individual spec
tra: J(a)

1 = J(a)
2 ∗ f (a), J(b)

1 = J(b)
2 ∗ f (b), where f ( j ) are the
Lorentzian functions of different widths. If the fit for the site
(a) is “perfect” (i.e., the broadening function for the spectru
J2 is given by f (a)), then the fit residualR can be estimated as
MULTI-SITE EPR OXIMETRY 251
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follows:

R = J1(r, (gradB)1)− J2(r, (gradB)2) ∗ f
(
r,1r (a)

1/2

)
= (J(a)

1 + J(b)
2

)− (J(a)
2 ∗ f (a) + J(b)

2 ∗ f (a)
)

= J(b)
1 − J(b)

2 ∗ f (a) = J(b)
2 ∗

(
f (b) − f (a)

)
≈ J(b)

2 ∗
[
∂ f
[
r,
(
1r (a)

1/2+1r (b)
1/2

)/
2
]

∂1r1/2

(
1r (b)

1/2−1r (a)
1/2

)]
. [9]

The estimate given by [9] shows that when the difference
linewidths between the “broadening” functionsf (b) and f (a)

is small, then the residualR is given by a convolution of the
spectrumJ(b)

2 taken at a larger gradient with a partial derivati
of the broadening function with respect to the linewidth. T
amplitude of the residual is proportional to the linewidth diffe
ence (1r (b)

1/2 −1r (a)
1/2). Thus, as one could expect, a decreas

the linewidth difference decreases the magnitude of the resid
Because the partial derivative of the Lorentzian function with
spect to the linewidth decays more rapidly than the Lorentz
function, the residual from the fit rapidly approaches zero
its effect on the fitting within the interval is expected to be sm
(Fig. 2).

Effects of Noise and the Interval to Be Fit

There are two major potential sources of errors in our meth
random noise in the experimental data and spectral overlap

The uncertainties caused by random noise can be ev
ated using the standard covariance matrix method. Previo
it has been shown that this method provides correct estimat
linewidth errors in EPR experiments (20). The errors due to ran
dom noise decrease with increased EPR signal-to-noise ra
It is worthwhile to note here that the covariance matrix meth
provides correct estimates under two conditions: the noise
a distribution that is Gaussian or close to that and the spe
model is adequate for the experiment.

The magnitude of errors caused by a partial overlap depe
on the size and distance between adjacent sites, and henc
priori generalizations can be made. The errors with our fitt
model would contribute significantly only at a small field gra
ent. Increasing the applied field gradient can decrease spe
overlap and therefore errors caused by this overlap. Howe
a partial spectral overlap is likely to be encountered freque
because in many cases the EPR signal-to-noise ratios limi
maximum magnitude of the magnetic field gradient that can
employed. Therefore one can expect that for each particula
periment a range of optimal gradient values could be define
which the errors due to noise will exceed the uncertainty du
spectral overlap.

To illustrate this point, let us consider the partially resolv
m
simulated spectra shown in Figs. 1E and 1G. This extent of
partial resolution is quite typical for EPR experimentsin vivo.
To simulate the effect of random noise on the fitting procedure
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and error estimates, we have added a Gaussian noise to the
free model spectra shown in Figs. 1E and 1Q. It was previo
shown that the noise in EPR follows the Gaussian distribu
quite well (21). The standard deviation of the Gaussian noise
chosen to be 2% of the signal peak-to-peak amplitude for e
of the spectra. The model “noisy” spectrum is overlapped w
the results of least-squares simulations for each of the inter
The results of the fits are shown in Figs. 2E and 2G. Resid
are shown in Figs. 2F and 2H. The results of digital convolut
look less “noisy” in Figs. 2E and 2G because the convolut
with computer-generated Lorentzian functions during the fitt
procedure effectively filters high frequency noise. Even at
relatively high noise level, the extracted linewidths were qu
similar to those we used in our modeling(

1B1/2
)

fit,a

/
1B1/2 = 1.005± 0.036

(vs. 1.000 for the cylinder in the model) and(
1B1/2

)
fit,b

/
1B1/2 = 0.765± 0.020

(vs 0.800 for the parallelepiped in the model). Note that
estimated errors, which correspond to the 68% confidence i
vals, are in line with the deviation we observed. This illustra
that in the presence of noise with a standard deviation sim
to or larger than that shown in Fig. 2 (this noise level is ty
ical for in vivo experiments) and similar sample geometri
the errors in the extracted parameters are primarily determ
by the random noise, not by the unaccounted for contribut
from other nearby sites. Note that no digital filtering was a
plied to the spectra shown in Figs. 2E and 2F: all the linewid
were measured by the least-squares fitting procedure
described.

We also have estimated the effect of a nonzero residual f
the second site on the results of least-squares simulations w
the interval to be fit. The contribution of the residual depe
on the choice of the interval that is fit and the magnitudes
the gradients applied for the spectraJ1 and J2. For these esti-
mates we used the series of noise-free simulated spectra s
in Fig. 1. When no noise is present, the errors in linewidth
caused by the imperfections of the model (i.e., how rapidly
residualR, Eq. [9], approaches zero within the interval to be fi
Contributions of other factors, such as “wrap-around” effe
discussed in (19), are negligible for the spectra shown in Fig.
Note that the error we discuss here is not an estimate from th
variance matrix method but the deviation between the linewid
derived from the fit and the exact linewidth we put in t
model.

The deviation of the extracted linewidth as a function of
interval to be fit was investigated. The simulations were car

out for the same partially resolved spectral pair as in Fig. 2A,
the right border of the interval was varied. The modulus of t
deviation of the extracted linewidth (in percentages) for the l
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oise-
sly
ion
as

ach
ith
als.
als
on
on
ng
his
ite

he
ter-
es
ilar
p-
s,
ned
ns
p-
ths
we

om
ithin
ds
of

own
re
he
t).
ts
.
co-

ths
e

he
ied

FIG. 3. The computed deviations of the extracted linewidth (in perce
as a function of the extent of the interval that was fit (in percent of the ove
spectral width) for the pairs of the simulated spectra shown in Fig. 1: filled cir
correspond to the spectral pair in Figs. 1E and 1G and open circles corres
to those shown in Figs. 1F and 1H. The left border of the interval was kept fi
at the beginning of the spectrum and the right border of the interval was va

site is plotted in Fig. 3, filled circles, as a function of the exten
the interval in percent of the overall spectral width. The left b
der of the interval was fixed at the beginning of the spectr
Thus, the 50% point in the graph corresponds to the inte
covering the left 50% of the spectra in Fig. 2A. The slope a
the offset of the baseline, and all the parameters of the Loren
broadening function, were allowed to vary during the optimi
tion, with the exception of the dispersive contribution, whi
was set to zero.

Although the shape of the curve in Fig. 3 is rather compl
several observations can be made. First, the minimum erro
curs for the interval to be fit at around 44%. The right bor
of such interval is shown in Fig. 2A by a dashed line. Secon
over a large extent of the intervals (e.g., from 37 to 50%)
maximum error, even for these overlapping spectra, is less
2.3%, which is quite acceptable for many practical applicatio
When the interval to be fit is less than 36% (36% correspo
to the first maximum of the spectrum shown in Fig. 2A), t
linewidth error increases because for these fitting intervals t
are rather large uncertainties in the position of the spectrum
the baseline coefficients. In the presence of noise the fittin
only the left “wing” of the spectrum also is impractical becau
the intensity is low.

When the magnitudes of the magnetic field gradients for b
theJ1 andJ2 spectra were doubled (spectra in Figs. 1F and 1
but
he
eft

the linewidth deviation as a function of the extent of the interval
changed (Fig. 3, open circles). The maximum error decreased
significantly except for the intervals approaching 50%. However,
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the position of the minimum error remained approximately
same (43–44% intervals). Thus, for the optimal results the
tervals to be fit should be chosen close to those shown in Fi

We also have estimated the magnitudes of these errors fo
possible pairs of spectra shown in Fig. 1 when the fitting
terval is close to the optimal (i.e., as depicted in Fig. 2). Fr
these simulations, the largest deviation between the actua
extracted parameters was found to be about 2.6% for the s
tral pair with the lowest resolution (spectra in Figs. 1D and 1
When the gradient was set to be equal to1B1/2/1r , this de-
viation dropped to 1.2%. Typically, this level of error is qu
acceptable for practical measurements. For the best resolve
(spectra in Figs. 1G and 1H), this deviation was less than 0.

Results with a Phantom Sample

The method was further tested using a phantom made
of LiPc crystals sealed in two separate glass capillaries (i.d. =
0.8 mm, about 1 mg of LiPc in each capillary). The capillar
were filled with oxygen–nitrogen gas mixtures containing ab
1 and 2% of oxygen, respectively (corresponding peak-to-p
EPR linewidths were 56±1 and 68±1 mG). The capillaries were
placed inside an “external-loop” EPR resonator so the dista
between the axles of the capillaries was approximately 1.4 m
and the vector between LiPc crystals was aligned along the
ternal magnetic field. The magnetic field gradient was alig
in the same direction. Figure 4 shows a series of EPR spe
from the phantom as a function of the magnetic field gradi
This series demonstrates that when the distance betwee

FIG. 4. EPR spectra of the LiPc phantom as a function of magnetic fi

gradient: The spectra in Figs. 4A–4D correspond togradB= 0.6, 0.9, 2.1, and
2.7 G/cm, respectively. The low field line belongs to the LiPc crystal at 2%2

and the high field line to the crystal at 1% O2.
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FIG. 5. Fitting of spectrum in Fig. 4B of the phantom using spectrum
Fig. 4C as an envelope function.Sl and Sh are the best-fit spectra obtaine
by choosing the low and high field intervals, respectively.Rl and Rh are the
fit residuals (differences between the experimental and the simulated spe
corresponding to the chosen field intervals.

capillaries is comparable with their diameter, the spectral li
corresponding to the individual capillary become resolved o
with relatively large gradients (Figs. 4C and 4D) that clea
distort the lineshape.

Figure 5 shows the results of our convolution-based fitt
method applied to the spectrum in Fig. 4B using that in Fig. 4C
an envelope function. Because the goal was to derive the un
torted EPR linewidth of LiPc in each individual capillary, th
entire spectrum was divided into two intervals to be fit. Initial
a least-squares optimization was carried out first for the pa
the spectrum that contained the low field line (2% O2) and then
for the part containing the high field line (1% O2). The simulated
spectra for the low and the high field lines,Sl andSh respectively,
and the corresponding residuals (differences between the e
imental and the simulated spectra),Rl andRh, are also shown in
Fig. 5. For each of the sites the residuals demonstrate exce
fits within the corresponding intervals. Figure 6 summarizes
linewidths derived from the fitting of different spectral pair
It appears that independent measurement of the linewidth
ing the combination of different spectral pairs could provide
trustworthy linewidth measurement. Also, processing a se
of spectra (i.e., taking multiple measurements) could be use
improve the accuracy through data averaging.

Pilot In Vivo Experiments
O A simple reliability test of the method was performed with
a single LiPc implant in the cortex of the rat brain. In order to
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FIG. 6. The linewidths as a function of the gradients ratio (gradB)1/

(gradB)2 for the phantom. The linewidths were derived from least-square
ting of different combinations of the spectral pairs shown on top. The do
lines show the actual EPR linewidths (56 and 68 mG) of LiPc in the capilla

exclude uncontrolled biological variations of the pO2, the EPR
spectra were taken sequentially in the following order: witho
magnetic field gradient, with the gradient, and then again with
the gradient. The linewidths measured from spectra reco
without the gradient are 209± 1 and 195± 1 mG. EPR spectra
recorded with moderate field gradients showed some grad
induced broadening: the peak-to-peak widths of the disto
spectra (shown in Figs. 7A and 7B) are 265± 2 mG (gradB=
2.4 G/cm) and 222± 1 mG (gradB= 1.2 G/cm), respectively
In order to derive the undistorted linewidth from these data,
spectrum in Fig. 7A was rescaled (not shown) and used a
envelope function for fitting the spectrum in Fig. 7B (Eq. [6]

From this fitting the undistorted linewidth of 200± 2 mG
(pO2= 33.3 mm Hg accordingly) was obtained. This value is
good agreement with the linewidths measured without a gr
ent (209± 1 mG). Figure 7 also shows the simulated spectr
in Fig. 7C and the residual in Fig. 7D, which does not show
systematic deviation. Asymmetry in the simulated spectrum
caused by a dispersive contribution that was included as a
justable parameter in the simulations.

Figure 8 illustrates simultaneous measurements of cere
pO2 in two hemispheres of the rat brain. EPR signals from
LiPc implants located 5 mm apart were separated by a mag
field gradient: the spectrum in Fig. 8A recorded at a magn
field gradient of 3.68 G/cm was used as an envelope func
to fit the spectrum in Fig. 8B, which was recorded at a sma

gradient of 1.84 G/cm. Spectra in Figs. 8A and 8B are sho
in a magnetic field scale as recorded. The results of the fit
are shown as two groups, I and II, consisting of two spec
OV, AND SWARTZ
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each. Groups I and II illustrate the fitting of the low field fe
ture (from the left hemisphere) and the high field feature (fr
the right hemisphere), respectively. The linewidths derived fr
the fitting procedure are 147± 6 and 93± 3 mG for the low
and the high field lines, respectively (corresponding pO2 are
23± 1 and 12± 0.5 mm Hg). Least-squares optimization w
carried out separately for the low and high fields lines, and c
responding simulated spectra in Fig. 8 are labeledSl and Sh.
The residuals,Rl and Rh, do not show any systematic devia
tions between the experiment and the fit over the fitting interv
(Fig. 8).

By increasing the magnitude of the magnetic field gradie
one should be able to resolve the EPR lines that belong to i
vidual LiPc crystals within a single implant. This is illustrate
in Fig. 9, which shows the EPR spectra of a single LiPc impl
in a RIF—1 mice tumor. The spectrum in Fig. 9A at the top w
recorded with a magnetic field gradient of 1.69 G/cm. Figure
shows the spectrum of the same implant recorded at a la
gradient of 2.54 G/cm. At least three partially resolved lin
are seen in these spectra. We used our method to fit the sp
within the intervals corresponding to each of the partially
solved lines and derived the undistorted linewidth of each of
spectral features. Three residuals,Rl , Rc, andRh, illustrate that
our model works well for low, central, and high field lines

FIG. 7. A test of the fitting procedure using EPR spectra of a single L
implant in a rat brain. Spectra in Figs. 7A and 7B were recorded at gradient
and 1.2 G/cm, respectively. The interval between the dotted lines was used
the rescaled spectrum in Fig. 7A (envelope function) to the spectrum in Fig
The spectrum in Fig. 7C was calculated using the parameters of the fitting
ting
tra

residual in Fig. 7D (the difference between the spectra in Figs. 7B and 7C) does
not show any systematic deviations between the experiment and the fit over the
fitting interval and is essentially a random noise.
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the spectrum (the spectrum in Fig. 9B was used as an envel
The results of the fittings give pO2= 0.8± 0.4 mm Hg for the
low, 8.8± 0.5 mm Hg for the high, and 17.3± 0.9 mm Hg for
the central field portions of the EPR spectrum from the impla
Thus, in principle, our method could be used to measure2
in three or more points simultaneously, and thus to characte
the spatial distribution of pO2 in tumors and tissues.

Another example of the multi-site EPR oximetry fittin
method of even higher spatial resolution is shown in Fig.
In the presence of large magnetic field gradients, two spe
features are clearly observed in the EPR spectra of the s
LiPc implant in a rat brain (spectra in Figs. 10B and 10
The maximum of the splitting between these two lines is
served in the direction perpendicular to the skull. They a
from two edges of the implant and report two very differe
pO2 values. The crystals located closer to the skull indica
7.5± 0.3 mm Hg, while the crystals located deeper in the cor
reported 22.3± 0.9 mm Hg. Using the splitting between the
two lines and the gradient value, the size of the implant was e
uated as 0.36 mm along the direction of the magnetic field
dient. Reliability of these measurements was further confirm
by using the combination of different spectral pairs. Figure
illustrates that the pO2 values derived from each spectral pair a
consistent.

FIG. 8. Simultaneous measurements of the cerebral pO2 in both hemi-
spheres of a rat brain. Spectra in Figs. 8A and 8B were recorded atgradB= 3.68
and 1.84 G/cm, respectively. Two groups of three spectra each are labeled
II and illustrate separate fitting of the low- and high-field portions of the sa

spectrum in Fig. 8B, using that in Fig. 8A as an envelope.Sl and Sh are the
simulated spectra andRl and Rh are the corresponding residuals for the low
and high-field lines, respectively.
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FIG. 9. Fitting of the spectrum in Fig. 9A from a single LiPc implant i
RIF-1 mice tumor recorded in the presence of a magnetic field grad
(gradB)1 = 1.69 G/cm (at the top of the figure) using the spectrum in Fig.
from the same implant (at the bottom of the figure) recorded at a larger
gradient (gradB)2 = 2.54 G/cm, applied in the same direction. Three fitting i
tervals were used to fit partially resolved lines seen on this spectrum;Rl , Rc, and
Rh are the residuals for the low-, central-, and high-field parts of the spect
respectively.

DISCUSSION

The results of model simulations andin vivo EPR experi-
ments demonstrate that even when the EPR spectra from d
ent sites are only partially resolved by one-dimensional magn
field gradients, the individual spectral features could be ex
ined separately and the corresponding undistorted Lorent
linewidths can be determined using the digital procedures
described. Our method, based on the relationship between
EPR spectraJ1(r ) and J2(r ) given by Eq. [6], is very conve-
nient because it allows accurate and efficient determinatio
the width of the EPR spectrum1B1/2 (if the shape is Lorentzian
by least-squares fitting. During the Levenberg–Marquardt o
mization, the width, double-integrated intensity, and position
the Lorentzian linewidth functionf (r,1r1/2) can be adjusted so
the result of digital convolution matches another experimen
spectrumJ1(r ).

An alternative way to extract1r1/2 from Eq. [6] is to find
the form of f (r,1r1/2) by carrying out deconvolution using
for example, Fourier-transform-based or iterative algorith
(22–24). However, the results of digital deconvolution are know
-

to be very unstable to experimental noise, especially when
the effective widths of the experimental spectraJ1(r ) and
J2(r ) exceed that of f (r,1r1/2). In a contrast to that, our
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convolution-based fitting approach parameterizes the broa
ing function f (r,1r1/2) and this results in a significant reductio
of the amount of calculations that need to be made and in imp
ing of the accuracy of the fitting procedure. Also, because th
is no filtering in our method, the width off (r,1r1/2) remains
undistorted, compared to the results of digital deconvolut
Another useful feature of the Levenberg–Marquardt optimi
tion algorithm is that it provides an estimate of the uncertain
in the extracted parameters. Additionally the method can acc
for a phase shift in the microwave (i.e., different amount of d
persion signal) between the experimentally measuredJ1(r ) and
J2(r ).

Our fitting model (Eq. [6]) was derived under an assumpt
that the lineshape is well modeled by a Lorentzian functi
Therefore, the method also would be applicable for spectra
are modeled by several overlapping Lorentzian functions
the latter case, the fitting should be carried out with not o
but with a sum of several Lorentzian broadening functionsf .
However, Eqs. [7] and [8] are still applicable for recovering t
undistorted linewidths for the individual function. It is wort
noting that our technique could be applied successfully if t
major experimental conditions are fulfilled:

1. The key assumption is that only a limited number of pa
cles of the probe material are present so the corresponding
lines can be resolved with a one-dimensional magnetic field

FIG. 10. EPR spectra of a LiPc implant in a rat brain as a function
magnetic field gradient. Spectra in Figs. 10A–10C were recorded at 3.69,

and 8.3 G/cm, respectively.Ll and Lh indicate low- and high-field spectral
features arising from two edges of the implant. These features become cle
resolved in the presence of the largest field gradient (8.3 G/cm).
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FIG. 11. The pO2 values derived by combinations (shown at the bottom
the figure) of different spectral pairs from Fig. 13. The dotted lines show
mean pO2 values, 7.5 and 22.3 mm Hg, at the edges of the implant.

dient. If the sites are not resolved with the chosen gradient, t
the direction and/or amplitude of the gradient should be var
for optimal resolution.

2. Another condition for the magnetic field gradient is th
for a sample with a distribution of oxygen concentrations,
magnitudegradBshould be much greater than that of the gra
ent of linewidthgrad(1B1/2). In other words, within an interva
of a spectrum with a width1B À 1B1/2 the EPR linewidth
and oxygen concentration should be accepted as constants
might say that this condition is easy to satisfy by applying m
netic field gradients of larger magnitudes. However, larger g
dients decrease the signal intensity due to line broadening,
therefore the maximum magnitude of the gradient is restric
by EPR sensitivity.

CONCLUSIONS

We have demonstrated that the convolution-based fit
method extends the applications of multi-site EPR oxime
and improves the spatial resolution. The data acquisition t
is increased marginally because only one additional spectru
required, compared with the original method. To increase the
curacy, more scans could be taken and combinations of diffe
spectral pairs could be used.

EXPERIMENTAL
arly

LiPc crystals were synthesized at the Dartmouth EPR Cen-
ter by a modification of previously described procedures (25).
For the experiments we used needle-shaped 0.2–0.5-mm long
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single crystals. At 37◦C these crystals exhibit a single line EP
spectrum withg ∼ 2.002 and a Lorentzian lineshape with th
linewidth proportional to pO2 (1Bp−p = 30 mG in the ab-
sence of oxygen and1Bp−p = 812 mG when equilibrated with
atmospheric oxygen). The extremely narrow line (at anoxic c
ditions) and a high density of paramagnetic centers (up to×
1020 spins/g), permit the use of even submillimeter size crys
for measurements with low frequency EPR.

All measurements were carried out with an L-band (1.2 GH
EPR spectrometer utilizing a microwave bridge and an ex
nal loop resonator specially designed for experimentsin vivo
(26, 27).

The feasibility of the method forin vivo measurements wa
demonstrated on pO2 measurements carried out in a murine su
cutaneous radiation-induced fibrosarcoma (RIF-1) tumor an
the cerebral cortex of the rat brain. The animals were C3H/
mice and male Sprague–Dawley rats (18 and 290 g, res
tively, Charles River Lab., MA). RIF-1 tumor cells were grow
in vitro and implanted subcutaneously into the right hind leg o
mouse approximately 2 weeks before the EPR experiment.
eral days before the experiments, LiPc crystals (about 50µg)
were implanted into the tumors in the mouse or in the cere
cortex of the rat brain using 25-gauge needles with the anim
under ketamine/xylazine anesthesia. The depth of injection
approximately 2 mm from the surface of the tumor or the sk

For EPR oximetry measurements, an animal (under anes
sia) was placed between the poles of the electromagnet o
EPR spectrometer and the “external-loop” resonator was p
tioned just above the region where the implanted LiPc crys
were located. A set of coils capable of generating a magnetic
gradient in any direction with a magnitude up to 10.0 G/cm w
used. The EPR spectra of LiPc were recorded under condit
that avoided microwave power saturation and distortions
to over-modulation. Typical scan time was 10 s. Least-squa
fitting was carried out with the EWVoigt program (Scientifi
Software Services, Bloomington, IL).

The linewidth errors were estimated using a standard cov
ance matrix method as described in (18). These errors corre
spond to 68% confidence interval. All linewidths are reported
peak-to-peak.
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