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The Measurement of
Temperature With Electron
Paramagnetic Resonance
Spectroscopy
An electronparamagnefic  resonance  CEPR)  technique, potentially suitable for in viva
temperature measurements, has been developed based on the lemperature responses
of n&-oxide  stable free radicals. The response has  been substantially enhanced by)
encapsulating the nitroxide in a medium of a fatty acid mixture inside a proteinaceous
microsphere. The mixture underwent a phase transition in the temperature range
required by the application. The phase change dramatically altered the shape of the
EPR spectrum, providing a highly fetnperature sensirive  signal. Using the nitroxide
dissolved in a cholesterol and n long-chain fany acid ester, we developed a mixture
which provides a peakheight ratio change from 3.32 fo 2.11, with a standard deviation
of 0.04, for a temperature change typical in biological and medical applications,
from 38 to 48°C.  This translated to an average temperature resolution of 0.2”C
for our experimental sysfem.  The average diameter of the nitroxide mixture-jilled
microspheres  was  -2 pm.  Therefore, Ihey  are compatible with in viva  studies where
the microspheres  could be injected info the microvasculature  having a minimum
vessel diameter of the order of 8 jm. This temperature measuring method has various
potential clinical applications, especially in moniro+ing  and optimizing the treatment
of cancer with hyperthemda. However, several problems regarding fcmperature and
spatial  resolution need to be resolved before fhis technique can be successfully used
to monitor temperatures in viva

Introduction
Hypaihermia  has become a useful clinical tool in the treat-

ment of tumors, usually in combination with chemotherapy or
radiotherapy. For adequate treatment and safety considerations,
the tumor tissue temperature should be maintained higher than
a certain value (e.g., 42 or 43°C) for 30 to 60 minutes while
the surrounding normal tissue should be kept below that value.
An important pat  of the treatment with hypatbermia  is the
proper monitoring of the actual temperatures produced in the
tumor and surrounding tissue (Levi”,  1990). There are many
techniques available that utilize invasive probes to measure in
viva temperatures. However, with such techniques only the tem-
perature close to the probe (or probes) is monitored. There are
also the risks and discomfort for the patient associated with an
invasive procedure (Samulski  and Fessenden, 1990). There are
also several noninvasive temperature measurement techniques
currently under investigation. However, they are  at different
stages of development for clinical use and suffer from various
limitations, including poor temperature resolution, inadequate
spatial resolution and long data acquisition times (Bolomey  and
Hawley, 1990).

The objective of this research was to develop a minimally
invasive system for measuring temperature fields in vivo using
electron pammagnetic  rescmance  (EPR) techniques. This new
technique is based on the dramatic change in the EPR spectrum
of a suitable pammagnetic  species, especially a nitroxide stable
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free radical, during the solid to liquid phase transition of its
surrounding medium encapsulated in a microsphere (Figs. I
and 2). The shape of the EPR spectmm can be calibrated to a
known temperature. Therefore, when given an in vivo EPR
spectrum, it is possible to determine the temperature from the
shape of the spectrum. The potential novelty of this system
includes the use of 1) the temperature dependence of EPR
spectra in a medium that undergoes a solid to liquid phase
transition in the desired temperature range, 2) proteinaceous
microspheres to provide a constant, appropriate and protective
environment for the nitroxide in the medium, and 3) EPR spec-
troscopy to obtain information in viva.

Materials and Methods

The composition of tbe medium determined the temperature
range of the phase transition. Using the nitroxide 3-doxyl-5a-
cholestane,  I mol percent cholesterol and 99 mol percent methyl
docosanoate (a long chain fatty acid ester), we have obtained
a mixture that underwent a large and systematic change in the
shape of its EPR spectrum between 38 and 48°C (Fig. 2). This
formulation was then encapsulated in an albumin microsphere
(average diameter < 2 fim) using high intensity ultrasound
(Fig. 3). With this system we were able to obtain a temperature
resolution of 0.2”C  in the temperature range of 38 to 48°C.

The albumin microspheres performed two critical functions.
First, these proteinaceous microspheres were suitable for use in
viva. They were easily injectable into tissue because they were
smaller than the diameter of capillaries and were suspended in
water. Second, the nitroxide mixture was encapsulated in the
microspheres and, therefore, separated from the local environ-
ment of the tissue. This ensured that the shape of the EPR
spectrum was affected only by the medium’s phase transition
temperamre range.
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The nitroxide, 3-doxyl-Sol-cholestane,  is an analog of choles-
terol and the doxyl stearic acid nitroxides  are  fatty acid analogs.
Experiments were performed on a Vtian  E109E  X-band (9.2
GHz)  spectrometer with a Varian TElm  cavity using an EPR
data acquisition system (Morse, 1987). Other experiments were
performed on an L-band (1.1 GHz)  bridge with a surface probe
connected to a Varian E-9 spectrometer.

The nitroxidelfatty acid/cholesterol mixture was encapsu-
lated in microspheres using high intensity ultrasound as de-
scribed by Suslick and Grinstaff (1990). The high intensity
ultrasound created alternating regions of compression and
expansion in the liquid mixture. This resulted in acoustic cavita-
tion: the formation, growth and implosive collapse of gaseous
bubbles in the liquid. These gaseous bubbles imploded violently
in less than a millisecond, heating and compressing its contents
to 5500°C and > 10’ atmospheres. The high temperature and
pressure decomposed water into hydrogen atoms and hydroxyl
radicals. In the presence of oxygen, the hydrogen atoms formed
superoxide, HO;, which is known to produce disulfide bonds

between cyst&e residues in proteins. Concurrently, the sonica-
tion also produced emulsification of the non-aqueous nitroxidel
fatty acid/cholesterol mixture in an aqueous bovine semm albu-
min (BSA) solution. BSA is a large protein (585 amino acids,
MW = 65,000) and has a large number of cyst&es.  After
aggregation of the BSA at the emulsion interface, the superoxide
produced from the cavitation cross-linked the cysteine residues,
completing the microsphere formation (Suslick, 1989, 1990).

For the temperature dependent experiments, a nitroxidelalco-
ho1  solution was placed into a glass vial and the alcohol was
evaporated off by vacuum. Fatty acid and cholesterol were then
added and the mixture was repeatedly heated and vortexed (6
or 7 times) for approximately 30 seconds to ensure adequate
mixing. Approximately 1.5 ml of the nitroxidelcholesterollfatty
acid mixture was then placed above 3 ml of a 5 percent aqueous
solution of BSA in a glass container, creating a two-phase soh-
tion. The preparation of the 5 percent aqueous solution of BSA
is described by Grinstaff  (1992). A heating rod was set to
approximately 7O”C,  inwted into the glass container and used
to selectively melt the top layer of the nitroxide mixture without
significantly heating, and consequently denaturing, the lower
layer BSA solution. The entire solution was then sonicated using
a Heat Systems W375 ultrasonic 0.5 in. Titanium horn at 20
kHz  at 200  Wlcn? for three minutes, producing two separable
phases: an aqueous phase with the microspheres and an organic
phase made of the leftover nitroxidelfatty  acid/cholesterol mix-
ture (Fig. 4). The microsphere solution was then drawn into a
gas-permeable teflon tube with an inside diameter of 0.8 mm
and a wall thickness of 0.04 mm. This tube was folded-and
inserted into an open  ended quartz tube, which was then inserted
into the EPR  cavity. The sample was heated with nitrogen or
air using a Varian temperature controller containing an electrical
heating element. Temperature measurements were recorded us-
ing a Luxtron 755 Multichannel Fluoroptic Thermometer and
a Luxtron MSA Fluoroptic Temperature Probe. The Fluoroptic
Probe does not interact with magnetic fields. The probe was
placed inside the quartz tube, in contact with the teflon tube.
By experimental design there was no thermal gradient between
the microsphere solution in the teflon tube and the Luxtron
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The basic equation for an energy level transition (resonance
absorption) for an unpaired electron is:

where

AE=h.v=g.B.H, (1)

probe.  Therefore, it was assumed that the temperature recorded
by the probe was essentially that of the microspheres.

AE = the energy difference between the two energy States
h = Plank’s constant

To determine the extent of nitmxide reduction in ascorbic
acid or fresh whole blood, the microspheres (approximately 0.1
ml) were added to an oxygen depleted solution of ascorbic acid
or heparinized  blood (approximately 1 ml), vortexed and drawn
into the teflon tube. Nitrogen was perfused over the sample
while in the EPR cavity to prevent oxidation of the ascorbic
acid, which would destroy its reducing potential. Heparin was
added to the fresh whole blood to prevent clotting. The extent
of reduction was determined by recording the signal intensity
as a function of time.

v = frequency of electromagnetic radiation
g = g factor
B = Bohr magneton

H, = resonance magnetic field

For the in viva experiments, approximately 0.2 ml of the
microspheres,  containing approximately 1 mM ‘I-doxyl  stearic
acid in cyclohexane,  were injected into the tail vein of an anes-
thetized mouse and measurements were recorded at room tem-
perature at L-band using a surface probe (Nilges et al., 1989)
over the lower abdomen of the mouse. Again, the extent of
reduction was determined by recording the signal intensity as
a function of time.

Since h, g,  and B are  constants, YIH,  = g. Blh = constant,
and resonant absorption by an unpaired electron can occur at
various combinations of magnetic field strength and microwave
radiation frequency (Swam  and Swam,  1983). In addition, for
resonance to occur,  the magnetic component of the electromag-
netic radiation must be polarized perpendicular to the static
magnetic field. For reasons of sensitivity, frequencies in the
microwave region of the electromagnetic spectrum are used. In
conventional X band spectroscopy, v = 9.5 GHertz and H, =
3400  Gauss (Swam  et al., 1972).

One dimensional, linear magnetic field gradient coils were
also used in an L-band experiment with the microspheres. The
coils were made in our laboratory They allowed the simultane-
ous recording of EPR spectra of separate spin-labeled probes
in the same magnetic field by altering the magnetic field posi-
tions for resonance, as explained in the Theory section. The
experiment illustrated the line shape distortion due to a magnetic
field gradient that occurred for large sample volumes (approxi-
mately 0.5 ml). A small plastic vial containing the microspheres
was placed on the surface probe and the EPR signal was re.
corded twice, once with the gradient on and once with it off.

Theg factor in Eq. 1 is a universal constant and is characteris-
tic of the electron (g. = 2.00232), provided that H, is the
magnetic field at the electron. However, an applied external
magnetic field may generate an internal magnetic field which
will add to or subtract from the external field. For convenience,
H, is defined as the external magnetic field; any local magnetic
fields are accounted for by allowing the g factor to vary:

Preliminary experiments were performed with the doxyl stea.
ric acid nitroxides. However, in experiments involving the albu-
min microspheres, the temperature dependent EPR spectra
changes were severely limited due to the strong affinity of the
nitmxides  to the albumin microspheres.  Our search for an inex-
pensive, available nitmxide that was lipid soluble and would
not bind tightly to the albumin microspheres led us to 3-doxyl-
Sa-cholestane.

gdn=  h.vlB.H, (2)

where gelr = “effective” g factor. The effective g factor can,
therefore, be considered as a characteristic quantity of the mole-
cule in which the unpaired electron is located.

The main source of the local magnetic fields is an orbital
magnetic moment caused by a mixing of excited states into the
ground state. For most molecules the admixture of excited states
is anisotropic, i.e., the magnitude of the induced local field
(hence the deviation of g from g.) depends on the molecule’s
orientation with respect to the applied external magnetic field
(Swatz  et al.. 1972).

In addition to the local fields induced by the applied external
magnetic fields that lead to different g factors, there are  also
local fields that are  permanent and do not depend on an external
field. These permanent local fields are created by the presence
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Theory
Electron paramagnetic  resonance specifically occurs in para-

magnetic molecules. i.e., molecules with unpaired electrons
(e.g., free radicals, transition metals, and synthetic stable free
radicals). Consider the electron as a small negatively  chareed
object possessing a quantum mechanical property thai is anGo-
gous to spinning on its axis. This “spin” S is limited to 2S +
1 discrete states. For an unpaired electron, S = 1, so there are
only two possible spin states, considered as spins in opposite
directions. The value of S taken along a specified direction (M,)
is then +i  or -t.  The spin states of an electron are us&ly
labeled by their values of M,.  In the presence of an apblied
magnetic field, the quantum nature of the unpaired electron
restricts it to two possible orientations (and hence two diffeient
energy states), parallel (M, = +f) or anti-parallel (M, = -4)
to the field with an energy difference, AE, as described in
Eq. (1). This is known as Zeeman splitting. Electromagnetic
radiation, with a frequency corresponding to the difference in
energy between these two energy states, can induce transitions
of the electron between these energy states. EPR spectroscopy
uses the existence of these two different energy states in a
magnetic field to give an absorption spectrum based on these
transitions (Swatz  and Swartz, 1983).



of other magnetic moments, usually those of magnetic nuclei
that have net spins in the molecule. This interaction of an un-
paired electron with a nuclear magnetic moment is called nu-
clear hyperfine splitting. The spin of a nucleus is characterized
by the quantum number 1. There are 21 + 1 possible nuclear
spin states and, therefore, resonance may be observed at 21 +
1 values of the external magnetic field (Swanz  et al.. 1972). I
= 1 for nitrogen (nitroxides are used in this research). This
accounts for the occurrence of resonance at three different val-
ues of the external magnetic field (e.g., see Fig. 1, T = 50°C).
Similar to the g factor, nuclear hyperfine splitting is also aniso-
tropic.

These anisotropies are the basis for the EPR spectral changes
with temperature. The magnitude of the anisotropies depends
on the angle between the axis of the molecule and the applied
external magnetic field. When the nitroxide molecule is immobi-
lized, as in a solid medium, the spectrum is broadened, reflecting
the various external magnetic field values where resonance oc-
curs. When the nitroxide is freely rotating, as in a low viscosity
liquid medium, the anisotropies are averaged ant and the spec-
trum is narrowed (Fig. 1).

Linewidths, peakheight .ratios,  or any other components of
the spectrum could be used to calculate a temperature depen-
dence of the spectrum. In principle, the more features of the
spectrum that can be used, the better the temperature resolution.
Computer simulation of the whole spectrum could, therefore,
provide the greatest temperature resolution if the unavoidable
noise could be sufficiently reduced. Excluding computer simula-
tion, the mid-field to high-field peakheight ratio was the parame-
ter which gave the best temperature resolution for the spectra
iwFig.  2. Neither of the other two p&height ratios nor any of
the peal-to-peak linewidths of the three hyperfine splittings
provided better temperature resolution.

“Order” parameters and rotational correlation times are pa-
rameters that have been used to assess  the relative motions of
nitroxides in biological systems and hence, may also serve as
temperature dependent parameters. Calculations of two correla-
tion times, T, and R, (Swartz,  1985) did not provide better
temperature resolution. If was impossible to determine the “or-
der parameter” S (Capaldi, 1977) from the spectrum because
the high-field end of the parallel hypefine component was not
discernible. In addition. the perpendicular hyperline  component
did not change (Eckburg, 1993a).

Results and Discussion

Temperature Dependence and Sensitivity in Micro-
spheres. Figure 2 shows the temperature dependence of the
EPR spectra between 38 and 48°C for 0.8 mM 3.doxyl-Sa-
cholestane  in 1 mol percent cholesterol and 99 mol percent
methyl docosanoate encapsulated in the proteinaceous micro-
spheres. Figure 5 shows a plot of the mid-field to high-field
peakheight ratio versus temperature for the spectra in Fig. 2.
During the increase in temperature the resolution, defined as
the minimum discernible change, using the peakheight ratio
shown in Fig. 5 was 0.2”C.  Similar but somewhat different
spectra were obtained when the temperature was lowered from
4 7

$
o 37°C resulting in a hysteresis effect below approximately

43 C as shown in Fig. 5 and discussed below. The average
temperature resolution decreased to 0.4”C  when the temperature
was lowered from 47 to 37°C.

The hysteresis was avoidable if the temperature range in the
application of this system was kept at less than approximately
3°C. It is, however, potentially problematic, and its discussion
is warranted.

For thermally induced phase transformations, two indepen-
dent factors can be identified: (1) the magnitude of the enthalpy
change in the system undergoing the process and (2) the rigid
crystal lattice in a solid, which is normally unaffected by tem-
perature unless heated to its melting point. When heated, the
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individual molecules of a. solid will be prevented from “melt-
ing” by the overall structure of the crystal. Beyond a distinct
temperature, the system must pass into a metastable  situation.
At the end of this, the enthalpy potential has increased to a
point sufficient to overcome the lattice energies and the solid
“melts.” On retracing the process in the opposite direction,
hysteresis will arise if the “lattice” stabilities of the two phases
(solid and liquid) do not coincide. In this case the solidifying
will have to await the buildup of an enthalpy potential sufficient
to overcome the “lattice” forces (e.g., hydrogen bond forma-
tion and breakage) of the liquid phase (Yalpani  et al., 1985).
That is, crystallization or solidification is not a homogeneous,
but a nucleated process.

Below a certain temperature (which varied for each fatty acid
system), hysteresis was not observed when the temperature was
increased and decreased within approximately three degrees.
This  range is still useful in the application of this system in
treatments with hyperthkrmia  where the temperature distribution
for a finite amount of microspheres inside a finite volume of
tissue will be narrow and the fatty acid used in the mixture can
be chosen such that the midpoint of its phase transition is higher
than any of the tissue temperatures. Heating and cooling the
microspheres through several phase transition cycles should
allow for reproducible and, therefore, predictable hysteresis (cf.
House and Kemper,  1990). Even better, narrow temperature
ranges below  the midpoint of the phase transition should elimi-
nate the hysteresis altogether (cf. Black and Dixon, 1981).

The temperature resolutions given above, while not yet deter-
mined in viva or in vitro, compare very well with the sensitivi-
ties of other thermographic  techniques (Eckburg. 1993b).  For
electromagnetic radiometry, Bolomey and Hawley’s review
(1990) cited studies claiming temperature sensitivities of O.l”C
at the body’s surface but only of the order of a few degrees at
a depth of 1 cm. For X-ray tomodensitometry,  the same review
cited studies reporting temperature sensitivities of 0.25-0.5”C
in vitro in muscle tissue extracts but difficulties in obtaining
adequate data in viva. Using the spin-lattice relaxation time
constant, T,,  of the proton as the temperature dependent param-



eta for NMR thermography, Bolomey  and Hawley’s (1990)
review reported a study claiming a I-2°C temperature resolu-
tion.  Using the temperature dependence of molecular diffusion
for NMR thermography, Le Bihan et al. (1989),  reported a
0.W  resolution in a polyacrylamide  gel phantom but problems
in obtaining good resolution in viva.  Kuroda  et al. (1990).
claimed temperature sensitivity within 1°C in vitro in various
tissue extracts when using the temperature dependence of the
proton chemical shift, 6, for NMR thermography. For electrical
impedance tomography, Conway et al. (1985). Conway (1987)
and Griffiths and Ahmed ( 1987) claimed 1°C temperature sensi-
tivities in viva  and 0.2”C in phantom solutions. Guerquin-Kern
et al. (1985),  reported temperature changes of a few degrees
when imaging homogeneous media using active microwave im-
aging as the thermographic  modality.

Temperature Dependence of the Nonencapsulated  Mix-
ture. Figure 6 shows the temperature (increasing from 37 to
47°C) dependence of the EPR spectra for 1.4 mM 3-doxyl-5a-
cholestaoe  in 1 mol percent cholesterol and 99 mol percent
methyl docosanoate.  Except for some  broadening of the low-
field, hyperline  splitting portion of the spectrum, the shape of
the spectra in Fig. 6 for the nitroxidelfalty  acid/cholesterol
mixture not encapsulated in microspheres looks similar to the
shape of the spectra  in Fig. 2. where the mixture was encapsu-
lated. This result suggested that most of the nitmxide, 3-doxyl-
Srr-cholesterol.  was inside. the microspheres in the cholesterol/
fatty acid mixture. The observed broadening is likely to be due
to nitroxide attached to the microsphere or on the outside in the
aqueous environment. A nitroxide in different environments
(e.g., inside the fatty acid/cholesterol mixture, attached to the
BSA microsphere or in the surrounding aqueous medium) will
give rise to different spectra. This is patly the result of a change
in rotational mobility due to a different solvent viscosity or
being bound or unbound to a large molecule or surface, A
less viscous solution (or an unbound &oxide)  will produce
narrower lines because of the averaging oat  of the g factor
and nuclear hypertine splittings. The spectrum will also change
because of the effect of the polarity of the solvent on both the
g value and the nuclear hyperiine  splitting. In non-polar (e.g.,
fatty acid) solvents the unpaired electron delocalizes from the
nitrogen atom. This produces a decrease in the nuclear hypertine
splitting when compared to an aqueous solution. In addition, the
g factor increases when going from aqueous (polar) solutions to
nonpolar solutions, resulting in a slight shift of the spectrum
(Bacic  et al., 1988).

Retention of the Nitroxides in the Microspheres. Figure
7 is a plot of the EPR spectra showing the difference in signal
intensity between the nitroxide (7.doxyl  stearic acid) in the
aqueous phase surrounding the microspheres and the nitroxide
in the microspheres alone. The spectra labeled 1, 2, 3, and 4
represent the number of “washings” the spheres received be-
fore centrifuging. There was a gradual reduction in signal inten-
sity originating from the surrounding aqueous phase after each
successive washing of the microspheres. This indicated that a
significant part  of the EPR signal originated from the nitroxide
either inside the microsphere or attached to it (i.e., the BSA).
It also demonstrated the fact that the doxyl stearic acids do not
“leak” out of the microsphere into the surrounding aqueous
media. This was expected since the doxyl stearic acids are lipid
soluble and, therefore, possess a much greater affinity for the i
fatty acid mixture and BSA than for the surrounding aqueous
solution. Other experimental results (Eckburg, 1993~) using
the water soluble nitmxide, tempo, did not show the gradual
reduction in signal intensity originating from the aqueous phase
after each successive washing of the microspheres, indicating
either that the water soluble nitroxide did “leak” oat  of the
microsphere, or that rupture of the microspheres occurred. This
effect was also expected since tempo has a higher affinity for
the surrounding aqueous solution than for the fatty acid mixture
or BSA.

Effect of Oxygen. Figure 8 is a plot of the mid-field peak-
to-peak linewidth YWSUS time for ‘I-doxyl s&tic acid in cyclo-
hexane  either inside the microspheres or without them. The
line broadening or narrowing shown was due to the molecular
oxygen’s pammagnetic  properties. The oxygen ground state has
two unpaired electrons and a very rapid rate of relaxation.
Therefore, oxygen can effectively relax other pammagnetic  spe-
cies (Swat%  and Glockner,  1991). Linewidth broadening oc-
curred when the perfusing gas was switched from nitrogen to
air, and linewidth narrowing occurred when the air was switched
to nitrogen. The similar slopes indicate that the microspheres
provided no significant banier  to the diffusion of oxygen or
nitrogen. This result was not surprising since even uniform
coatings of polymers allow gas diffusion between chains (Sus-
lick, 1992).

Nitroxide Reduction in Ascorbic Acid and in Blood.
Ascorbic acid, which is present both intra-  and extracellularly
in blood, can reduce r&oxides  (Iannone. 1989). The use of a
high concentration (4.7 t&f)  of ascorbic acid resulted in a
relatively rapid rate of reduction (<40  minutes) of the nitroxide
16-doxyl  stearic acid in cyclohexane encapsulated in the mi-
crosphere. The high concentration also resulted in a decrease
in the average size of the microspheres, indicating their breakup
(Eckburg,  1993d). In fresh whole blood and in viva  in a mouse,
however, the reducing effect of ascorbic acid was not significant
over a 40 minute period for 16.doxyl  stearic acid in cyclohexane
encapsulated in microspheres. Our results suggest the potential
use of these nitroxide-filled microspheres in vitro and in viva.

Effect of Cholesterol. The use of cholesterol in the solu-
tions in the microspheres served two purposes: to broaden the
temperature range of the solid to liquid phase transition (a pure
compound has a narrower phase transition temperature range
than a mixture of two or more substances), and to accelerate
the rate of approach of the EPR changes with temperature to
their equilibrium values. Subszynski and Kusumi (1986) inves-
tigated the effects of very small amounts of cholesterol on gel-
phase phosphatidylcholine membranes. They performed tem-
perature drop experiments across the pretransition  temperature
and measured the rate of approach to the equilibrium value
of the parallel hypertine splitting, T,, (a measure of nitroxide
mobility),. of 5-doxyl  stearic acid. They found that small
amounts of cholesterol dramatically accelerated the rate of ap-
pmach.  The membrane reached equilibrium after 10 hours with
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no cholesterol added, after three hours in the presence of 0.01
mol percent cholesterol and less than 10 minutes with 0.03 mol
percent cholesterol. They repoxted  that this effect was not due to
a simple impurity effect (which tends to accelerate the kinetics)
because these effects were observed by using much higher levels
of “impurities,” i.e., 0.25 mol percent of 5-doxyl steaic acid.
The absence of a significant difference in the spectra1 response
to temperature for cholesterol concentrations varying from 1 to
15 mol percent compared well with the results of Kusumi et al.
( 1986). They reported that 5-doxyl stearic acid mobilities, when
plotted as a function of mole fraction of cholesterol in the fuid

“.”
I

I
phases of three different types of choline-cholesterol mem-
branes. were similar in the cholesterol mole fraction range of
0 to 50  percent. In most of the experiments we perform;d,  a
value of approximately 1 mol percent cholesterol was used in
the fatty acid/cholesterol mixtures. This provided a measurable
spectral change with temperature with only a small amount of
time needed to equilibrate after each temperature change.

Effect of Magnetic Field Gradient at L Band. For the
eventual in viva application of this system, measurements need
to be performed on a lower frequency, e.g., an L band (-1
GHz),  spectrometer, as opposed to the more frequently used X
band (a9 GHz)  unit. The lower frequency allows a greater
depth of penetration of the microwave energy,, and, therefore,
enables the measurement of in viva temperatures using an ap-
propriate surface probe. A detailed description of the surface
probe is given in Nilges et al. (1989).  In addition to a greater
depth of penetration, nonresonant absorption of the microwave
power by water, which makes up approximately 15 percent of
tissues, is less at lower frequencies.

Figure 9 shows the lineshape  distortion of the EPR spectra,
recorded using an L band spectrometer, due to a one dimen-
sional linear magnetic field gradient (approximately 15 Gauss/
cm) for approximately 0.5 ml of 1.2 mM ‘I-day1  stearic acid
in 1 mol percent cholesterol and 99 mol percent ethyl palmitate
encapsulated in microspheres.

A magnetic field gradient is required for spatial resolution
between two different samples. For paramagnetic species with
only one absorption peak with an inherently small linewidth,
only a small gradient is needed to completely separate two
samples of that species. However, for our nitroxides  in the fatty
acid/cholesterol mixture, whose spectra have three absorption
peaks and large  (from 1 to 10 Gauss) linewidths, larger gradi-
ents were needed to separate the spectra of two different sam-
ples. For example, assume we wanted to completely separate
the spectra between tuw samples that are  8 mm apart (8 mm
spatial resolution) with peak-to-peak first derivative linewidths
of approximately 3 Gauss and a magnetic field gradient of 60
Gauss/cm was available. To prevent distortion of the line-
shapes, very small sample widths must be used in the direction
of the gradient. If a 1 percent lineshape distortion was allowed,
a sample width of 0.1 mm or less must be used. For a 5 percent
distortion allowance, 0.2 mm is the limit (Smimov et al., 1993).
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There also is a decrease in signal intensity when going from
X to L band. This, in combination with the poor signal to noise
ratio of the spectrometer used in our experiments, meant larger
sample volumes were required at L band to produce a detectable
signal. In the presence of a linear magnetic field gradient, a
large sample volume distorted the signal because each “end”
of the sample rested in a different magnetic field, and hence, a
different resonance condition existed for each “end” of the
sample. This resulted in the very significant spectral lineshape
distortion illustrated in Fig. 9 for a small plastic vial of micro-
spheres containing approximately 0.5 ml of a 1.2 mM 7.doxyl
stearic acid in 1 mol percent cholesterol and 99 mol percent
ethyl palmitate.  The magnetic field gradient used was only 15
Gausslcm.

It therefore appears that further development of temperature
dependent systems with narrower linewidth spectra and/or  en-
hanced signal processing techniques (which would decrease the
required sample volume) will be required to achieve the desired
spatial resolution with this technique.

Conclusions and Recommendations

We have developed a system that has tha potential to be used
for minimally invasive in viva temperature measurements in
living systems. Using the nitroxide,  3-doxyl-5w-cholestane in 1
mol percent cholesterol and 99 mol percent methyl docosanoate
encapsulated in proteinaceous  microspheres,  we have shown a
large and, consequently, easily measurable change in the EPR
spectral lineshape between 38 and 48°C (Fig. 2). This technique
has potential clinical applications, especially in optimizing the
treatment of cancer with hyperthermia.  This technology can be
used over a temperature range between 10 and 70°C simply by
changing the composition of the nitroxide’s  medium. The sys-
tem described above was developed to be used with the hyper-
thermia  treatment, hence the 38 to 48°C temperature range.
Using the mid-field to high-field peakheight  ratio as the tamer-
atUre  dependent pmat&r,  the &per&e  resolution for ihis
system was 02°C (Fig. 5).

Encapsulation of the mixture in the microspheres provided
two critical functions for use in viva. First, the microspheres
were widely distributed since they were smaller than the diame-
ter of capillaries and were suspended in water. Second, the
microspheres separated the mixture from the surrounding envi-
ronment, thereby protecting the nitmxide  from bioreduction and
ensuring that the shape of the EPR spectrum was affected pri-
marily by the medium’s phase transition temperature range.

Experiments were carried out at L band with a linear magnetic
field gradient to determine the potential spatial resolution of our
system. The decrease in signal intensity when going from X to
L band, in addition to the poor signal to noise ratio of the
spectrometer, required very large sample volumes. The use of
a surface probe at L band, which included an exponential drop
in the signal intensity with distance from the probe (Nilges et
al., 1989), also contributed to the need for larger sample vol-
umes. The result was very significant spectral lineshape distor-
tion (Fig. 9).

In order to increase the temperature resolution, computer sim-
ulation of the EPR spectra for the temperature measurement
system was attempted. Unfortunately, initial attempts to in-
crease the temperature resolution by simulating the spectra for
the temperature measurement system between 3X and 48°C were
unsuccessful (Eckburg, 1993e; Eum, 1993).

Additional efforts should continue to improve the spatial res-
olution of this system. This can be achieved through develop.
merit of improved computer simulation, a temperature depen-
dent system with narrower linewidth spectra, or enhanced signal
processing techniques. This will provide the groundwork for
the ultimate goal of this research: the ability to measure and
map in viva temperatures. It is anticipated that many of the
principles and technologies currently available in EPR imaging

(Eaton et al.. 1991) and NMR imaging may be very useful and
apphcable  to this system.
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