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ABSTRACT

In vivo electron paramagnetic resonance (EPR) spectroscopy can provide direct noninvasive, continuous, and
repeatable measurements of oxygen in tissues. High-spatial-resolution multisite (HSRMS) oximetry is an EPR
technique that uses applied magnetic field gradients to extend this capability to multiple implanted probes
within the sample and accurately to estimate their respective local pO, values. These capabilities are crucial
in experiments in which pO, varies across space and time and in which information about these variations is
needed to describe physiologic and pathophysiologic phenomena and evaluate their responses to interventions
such as therapy. One important application is the investigation of transient focal ischemia in the rat brain
and the effects of treatment with hyperoxygenation. We used HSRMS oximetry with overmodulation to mea-
sure brain tissue oxygenation in a rat stroke model using lithium phthalocyanine as the oxygen probe. Oxy-
gen measurements were made in a small cohort of rats at four implant sites during ischemia and reperfusion
after transient focal ischemia initiated by occlusion of the middle cerebral artery. These measurements dem-
onstrate the capabilities of the HSRMS oximetry technique and set the stage for more extensive physiologic
studies. Antioxid. Redox Signal. 9, 1691-1698.

INTRODUCTION

SEVERAL STUDIES USING THE RAT middle cerebral artery oc-
clusion (MCAo) model have shown that hyperoxygenation
introduced shortly after artery occlusion reduces infarct size
substantially (1, 26, 28, 34, 37). While these studies demon-
strate the potential for hyperoxygenation to treat cerebral isch-
emia, they do not include measurements of brain tissue po,, the
parameter that is most relevant for the rational development and
evaluation of effective therapeutic schemes designed to increase
brain oxygenation. In recognition of this need, a growing liter-
ature exists of studies using electron paramagnetic resonance
(EPR) oximetry that provide such quantitative measurements
of pO; in cerebral tissue and during ischemia in animal mod-
els (5,9, 10, 13, 15-17, 21, 22).

In vivo EPR is a magnetic resonance technique that can be
used to provide valuable physiologic information by using para-
magnetic probes that have been implanted, injected, or gener-
ated in a research animal or human subject. Depending on the
probe that is used, a wide range of information can be obtained
with this technique, including tissue pO,, pH, radiation expo-
sure, and identification of free radical species (32). After the
initial implantation or injection of the molecular probe, EPR
measurements can be performed noninvasively. Tissue oxy-
genation can be directly measured through the broadening of
the EPR absorption peaks of oxygen-sensitive paramagnetic
materials that have been implanted or injected into the tissue
(31). This technique has been used successfully in the study of
oxygen concentration in various normal and pathologic tissues
in rodents and rabbits (4, 9, 29, 30) and is now being devel-
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oped for human applications, with feasibility studies under way
in human subjects for repeated oximetry in solid cancers and
peripheral vascular disease (11, 12, 33).

Numerous studies of cerebral tissue oxygenation have been
performed using EPR with implanted paramagnetic probes in
rodents, including measurements in rat models of stroke (5, 9,
10, 13, 15-17, 21, 22). The measurement of cerebral pO, with
EPR oximetry is facilitated by the use of the oxygen sensitive
paramagnetic probe lithium phthalocyanine (LiPc) (3, 14). Liu
et al. (15-17) used EPR to study cerebral pO, in mice and rats
with transient focal cerebral ischemia. In these studies, single
implants of LiPc were placed in groups of animals at the ex-
pected locations of the core and penumbral regions of the in-
farct and in the contralateral hemisphere. Measurements at these
regions were not acquired simultaneously in the same animals.
Most recently, they demonstrated that the application of car-
bogen (95% O,, 5% CO,) for 90 min immediately after occlu-
sion maintained normal pO; levels in the penumbral region of
the infarct, reduced the infarct size, and improved neurologic
function when compared with untreated controls (15). Hou et
al. (27) used simultaneous multisite spectroscopy to measure
pO, during a model of transient focal cerebral ischemia in rats
(9). The brain tissue pO, was measured simultaneously at three
separate sites where LiPc had been implanted. Two of the im-
plants were in the ischemic hemisphere, at the expected loca-
tions of the core and penumbra of the ischemic region, with the
remaining implant in the contralateral hemisphere. These mea-
surements provided simultaneous pO, data throughout ischemia
and reperfusion for these sites and enabled assessments of both
local and global tissue oxygenation to be performed. By using
this technique, simultaneous measurements at several sites were
recorded, but the separation between the sites was limited to
a minimum of 2.5 mm. High-spatial-resolution multisite
(HSRMS) oximetry has the capability to provide similar mea-
surements with an increased number of sites, the better to sam-
ple the ischemic volume and to provide more complete infor-
mation.

The HSRMS EPR spectroscopy technique was developed to
acquire high-spatial-resolution oximetry data quickly, with high
precision and accuracy, at multiple sites simultaneously (6, 7,
27). HSRMS spectroscopy uses two consecutively acquired
spectra with different magnetic field gradients and an analytic
relation between these spectra to estimate accurately the in-
trinsic linewidths of multiple closely spaced implants or edges
of single implants that are distributed spatially along one di-
mension. This relation applies to paramagnetic materials whose
conventional CW EPR spectra are characterized by a single
lorentzian peak and holds for each of the spatially separate re-
gions in spectra acquired with a magnetic field gradient that are
characterized by a uniform pO,. The implant locations and mag-
netic field gradients must be chosen such that no overlap ex-
ists in the positions of the implants along the direction parallel
to the gradient. As the EPR signals are effectively integrated
over planes perpendicular to the gradient direction, the pO,
within each plane is assumed to be uniform, and care should
be taken in the experimental design to meet this assumption.

As described in the existing literature, the HSRMS technique
is applicable only for spectra that have been acquired with mod-
ulation amplitudes low enough relative to the intrinsic linewidth
that any broadening or distortion of the spectra is negligible. It
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has recently been recognized that the use of modulation am-
plitudes considerably larger than the intrinsic linewidth, referred
to as overmodulation, can be used to increase the SNR of spec-
tra for EPR imaging and to increase the precision of oximetry
measurements (2, 20, 23, 36). Overmodulation can be used sim-
ilarly with HSRMS spectroscopy if the applied modulation am-
plitudes are scaled in proportion with the magnitudes of the
magnetic field gradients (35). The increase in SNR afforded by
such overmodulation allows the measurements of implants
deeper in tissue without unacceptable decreases in the precision
of the oxygen measurements or increases in either the acquisi-
tion time or amount of implanted paramagnetic material.

MATERIALS AND METHODS

EPR spectroscopy

All EPR data were collected at L-band (~1.2 GHz) with a
custom-built clinical spectrometer at Dartmouth Medical
School (25). In these experiments, the spectrometer was
equipped with a surface loop resonator with an automatic fre-
quency-control system to mitigate the effects of animal motion
on the recorded spectra (8, 24). The diameter of the detection
loop was 8 mm. For HSRMS measurements, magnetic field gra-
dients were generated by a pair of copper coils fixed in the
Maxwell configuration. These air-cooled coils had a mean sep-
aration of 10.5 cm, 406 turns of 18-gauge wire each, and gen-
erated a gradient of 9 G/cm/A with modest increases in tem-
perature.

LiPc preparation and calibration

All of these studies were performed with LiPc as the oxygen
sensor. The LiPc was electrochemically synthesized at the EPR
Center at Dartmouth Medical School following the published
procedure (7). Calibration of the oxygen response in distilled
water at physiologic temperature (37°C) showed a broadening
of the peak-to-peak linewidth of 5.6 mG/mm Hg and an anoxic
linewidth of 30 mG.

HSR-MS with overmodulation: phantom data

A set of experiments in a model system with uniform and
stable pO, was performed to assess the ability of HSRMS to
accurately and precisely estimate the pO, at multiple closely
spaced sites. The phantom consisted of two groups of LiPc crys-
tals similar in size and separation to those used for in vivo ex-
periments, which were positioned in a sealed glass vial con-
taining ~13 mm Hg O,. Each group of crystals was ~50 ug,
1 mm in length, and 0.2 mm in diameter. The separation be-
tween the groups of crystal was 1.0 mm. Spectra without a mag-
netic field gradient were acquired with a range of modulation
amplitudes (30 mG, 150 mG, and 294 mG) to measure the in-
trinsic linewidth of the oxygen probes in the sample and to ver-
ify the accuracy of the modulation amplitudes set by the spec-
trometer. The scan widths were 1 G for all spectra, and a scan
time of 30 sec was used. The incident power was 0.4 mW, and
saturation of the sample was negligible. The modulation fre-
quency was held constant at a value of 27 kHz. These spectra
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were analyzed by using spectral fitting with the model described
by Robinson et al. (23), which is appropriate for lorentzian-
shaped spectra.

The acquisition of these spectra was followed by several
HSRMS experiments. For each experiment, five sets of spec-
tra were acquired with gradient magnitudes of 4.75 G/cm and
9.31 G/cm. HSRMS data sets with the modulation amplitude
set uniformly at 30 mG, 150 mG, and 294 mG were acquired,
as was one dataset with modulation amplitudes set at 150 mG
and 294 mG for the low- and high-gradient spectra, respec-
tively. The scan widths were scaled in proportion to the gradi-
ent magnitudes and were 2.54 G and 4.98 G, respectively. Sim-
ilarly, the scan times were 15 sec and 30 sec. All other
acquisition parameters were the same as those used to acquire
the zero-gradient spectra.

HSRMS during cerebral ischemia

Study design. Transient focal ischemia was initiated by a
temporary occlusion of the middle cerebral artery in a cohort of
eight male Sprague-Dawley rats (Charles River, MA) weighing
between 250 and 310 g. Measurements of pO, in the expected
penumbra region and in normal tissues in both the affected and
contralateral hemisphere were made using HSRMS EPR oxime-
try. Measurements were made before, during, and immediately
after the occlusion and also after 24 h of recovery in a subset of
the rats. All animals were cared for according to the guidelines
set by the National Institutes of Health, and the Institutional An-
imal Care and Use Committee of Dartmouth College reviewed
and approved protocols for these animal experiments.

Implantation of LiPc. Implantation was performed 5-7
days before the experiment to allow the healing of any acute dam-
age due to the procedure. Rats were anesthetized with an induc-
tion dose of 3.0-3.5% isoflurane at 1 L/min in 26% O,, which
was reduced to 2.0-2.5% for maintenance. Aggregates of LiPc
crystals were implanted at four sites in the rat brain, three of which
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were in the ischemic (left) hemisphere, with the remaining site in
the contralateral (right) hemisphere as a control. The implants
were positioned to sample the penumbra and normal brain tissue
based on prior knowledge of the approximate size and location of
the infarction, according to the surgical design and cerebrovascu-
lar architecture (18) and as revealed by TTC staining performed
earlier in similar experiments (5, 9). The penumbra is that region
that remains viable shortly after ischemia, but later develops into
nonviable tissue. For each rat, all of the sites were located at a
uniform distance of either 0.5 or 2.0 mm posterior to the bregma
and were placed at distinct nonoverlapping positions along the
medial-lateral axis of the rat. Two of the sites in the ischemic
hemisphere were chosen to have a high likelihood of sampling
the penumbra. These were the lateral implant, positioned 4.5 mm
from the midline at a depth of 1.5 mm, and a deep implant placed
3.0 mm from the midline at a depth of 4.0 mm. The remaining
two implants were intended to sample normal tissue and were
placed 1.5 mm on either side of the midline at a depth of 1.5 mm.
These implant positions are shown in Fig. 1. Holes were drilled
through the skull directly above the implant sites, and 50-80 ug
of LiPc was deposited at each site by using either a 23- or 25-
gauge needle/trocar combination. Precise positioning of the im-
plants was achieved through the use of an MM-4100 Stereotaxic
Micromanipulator (ASI Instruments, Inc., Warren, MI), which
features adjustments with 50-um readability along three axes of
motion. Before implantation, the needle was loaded with the LiPc
crystals, and the trocar was inserted but not advanced within the
needle. By using the stereotaxic device, the needle was positioned
above the intended implant site and advanced into the brain tis-
sue to the desired depth. The needle was then retracted 0.5 mm,
and the LiPc was implanted by advancing the trocar so that its tip
was at the same depth as the tip of the needle.

MCAo model. Throughout the measurements and surg-
eries, the rats were continuously anesthetized by using inspired
isoflurane in a mixture with 26% O, at a flow rate of 1 L/min.
For the induction of anesthesia, 3—4% isoflurane was applied.
Surgery was performed with 2-2.5% isoflurane, and the main-

FIG. 1. Anatomic positions of the LiPc implants and focal ischemia.

These diagrams show the locations of the LiPc im-

plants in (a) the view from the top of the skull and (b) a coronal slice through the rat brain. Physical examination of slices through
the brain during necropsy confirmed that the positioning of the LiPc implants was accurate and reproducible. The images in panel
(c) show photographs of the TTC-stained tissue containing the implants for a single rat. A cut was made along the plane defined
by the LiPc implants, and the crystals are found near the opposing surfaces of the two neighboring 2-mm slices. The locations
of the implants are identifiable, although the deep implant in the ischemic hemisphere is partially occluded by tissue. The dif-
ferentiation between the darkly stained normal tissue and lighter unstained region where the ischemia has led to cell damage and

death is apparent.
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tenance dose used during EPR measurements was 1.2-1.5%.
Core body temperature was monitored by using a rectal-probe
thermometer and kept in the normal physiologic range by us-
ing a combination of heat lamps, a warm-water blanket, and the
flow of warm air over the rat’s body.

Directly after a series of baseline HSRMS oximetry mea-
surements, the rat was removed from the magnet, and the MCAo
surgery was performed. Transient focal cerebral ischemia was
induced by the intraluminal suture MCAo method, as previ-
ously described (5, 9, 18). After the MCAo surgery, the rat was
returned to the magnet for another series of pO, measurements
taken over the next 2 h with the occlusion intact. This was fol-
lowed by surgery to reverse the occlusion and then a third se-
ries of pO, measurements during the reperfusion period. A sub-
set of the animals was kept overnight, and sets of pO,
measurements were performed ~24 h after the initiation of the
occlusion. After final measurements, rats were immediately
killed, and the brains were isolated for gross histologic analy-
sis and staining with 2% 2',3',5'-triphenyl-2H-tetrazolium
chloride (TTC). This staining distinguishes between viable cells
with mitochondrial dehydrogenase activity and those cells that
have been damaged or killed by the ischemia and therefore lack
this activity.

Data acquisition

HSRMS spectra at each gradient magnitude were acquired in
a scan-by-scan alternating pattern and separately recorded. This
alternating pattern was used to guard against any bias between
the high- and low-gradient spectra due to potential changes in in-
strumental or physiologic conditions during the acquisition. Typ-
ically, five or six spectra were collected at each gradient magni-
tude and averaged to increase the signal-to-noise ratio. These
spectra were acquired using similar instrumental settings to those
used in the phantom studies. The scan range and scan times were
doubled to reflect the larger size of this implant distribution. The
incident RF power was set to avoid saturation and varied between
12 and 40 mW. With these parameters, complete sets of HSRMS
data were each acquired in 7.5 min.

Data analysis

The analysis of the HSRMS oximetry data was performed
with software written for Matlab (The Mathworks, Natick MA).
A graphic user interface displays the averaged low- and high-
gradient spectra and allows the user to define manually the sep-
arate fitting regions for each of the implant sites. For HSRMS
estimation of the intrinsic linewidth at each site, the software
convolves the high-gradient spectrum with a lorentzian distri-
bution and varies the width of this lorentzian to minimize the
least-squared error between the result of the convolution and
the low-gradient spectrum within the region of interest. The
phase, field center, and intensity of the lorentzian distribution
were set to reflect no changes in these parameters between the
high- and low-gradient spectra. The width of this lorentzian

e r r . s
distribution is equal to Gi — ——, where I is the intrinsic

oxygen-dependent linewidth of the implanted material at that
location, and G, and G, are the low- and high-gradient magni-
tudes, respectively. After solving for I', the oxygen calibration
for the LiPc is used to estimate the pO,.

WILLIAMS ET AL.

RESULTS

Evaluation of phantom measurements

Analyses of the spectra collected without gradients were per-
formed, and the resultant linewidth estimates were consistent to
within an acceptable level of instrumental error. The SNR values
ranged from 13 for the spectra with 30 mG modulation amplitude
up to near 60 for the overmodulated spectra. The peak-to-peak
linewidth for spectra collected with the low-modulation amplitude
of 30 mG was estimated to be 104.0 = 0.7 mG. When the mod-
ulation amplitude was increased to 150 and 294 mG, the linewidth
estimates were 104.4 = 0.2 and 105.1 = 0.3 mG, respectively.
This consistency confirms the accuracy of the set modulation am-
plitudes. Single scans from these spectra and their fits and resid-
uals are shown in Fig. 2. In each case, the residuals are largely
devoid of structure, indicating that the fits were satisfactory.

HSRMS analysis was performed on the data sets collected
with uniform modulation amplitudes of 30, 150, and 294 mG.
With 30 mG modulation, where associated broadening is neg-
ligible, linewidths for the left and right groups of crystals esti-
mated from single scans were 115 = 19 and 101 = 26 mG. The
SNR values in these spectra were ~5. When higher-modula-
tion amplitudes were used uniformly for both spectra, the dis-
tortion in the spectra prohibited accurate estimation of the in-
trinsic linewidths, and large residuals were invariably observed.
In these spectra, the SNR was ~20. When the larger-modula-
tion amplitudes were used, but scaled in proportion to the applied
gradient magnitudes, the estimated linewidths were 110 = 1 and
101 = 2 mG. These values are both within 1 mm Hg of the
value measured from the bulk sample without gradients. Fig-
ure 3 shows the low-gradient spectra for examples from the 30
mG and proportionately overmodulated data sets, the HSRMS
fits for each site, and the pO, estimates.

FIG. 2. Zero-gradient LiPc spectra with overmodulation
and spectral fitting. Spectra were acquired of the multisite
LiPc phantom (intrinsic peak-to-peak linewidth, 104 mG) with-
out magnetic field gradients at modulation amplitudes of (a) 30
mG, (b) 150 mG, and (¢) 294 mG. All spectra are shown on
the same scale, with the fitted spectrum overlaid, and the re-
sidual shown with X10 magnification. In each case, spectral
fitting accurately estimated the intrinsic linewidth.
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FIG. 3. HSRMS analysis of mul-
tisite LiPc phantom. @ HSRMS
oximetry was applied to measure
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Infarct region. Inspection of the TTC-stained slices
showed that the LiPc implants were located in the intended an-
atomic positions and that the MCAo surgery had caused isch-
emia, leading to cell damage and cell death in each rat. Figure lc
shows a typical set of such slices. In each rat, the locus of the
infarct region was in the subcortex ~5 mm from the midline at
a depth of 5 mm. After 2 h of occlusion and 22 h of reperfu-
sion, the infarct region encompassed the majority of the sub-
cortex and the lateral half of the cortex in the ischemic hemi-
sphere. The lateral and deep implants were located along the
edge of this region in the penumbra, and the other two implants
remained in viable tissue.

HSRMS oximetry. The pO, estimates were made
throughout the experimental periods using the HSRMS method
for each of the sites in each of the rats. Figure 4 shows exper-
imental data and the fitting results for three time points for a
typical animal. Low-gradient spectra from the baseline, occlu-
sion, and reperfusion periods are shown in gray, with the re-

sults of the HSRMS fitting superimposed in black. Also in-
cluded are the pO, values, with errors, estimated for each re-
gion and time point. The EPR signals from all four of the im-
plants are clearly distinguishable in each spectrum. The signals
from the implants in the ischemic hemisphere are on the left,
or low-field, side of each spectrum, and the contralateral im-
plant signal is to the right. In these spectra, the SNR varied
from ~6, for the deep site and the contralateral site in the oc-
clusion spectrum where the B; amplitude is low, up to values
>20 for the medial site in the ischemic hemisphere. The effect
of the occlusion on the pO, at the deep site is especially ap-
parent. As the estimated pO, decreases from 18.4 = 1.1 mm Hg
during baseline to 7.4 = 0.5 mm Hg during ischemia, the
linewidth decreases, and the amplitude of the signal increases
markedly.

Baseline pO, values varied considerably from site to site and
from rat to rat. The mean pO, over all sites and all rats was
25 = 9 mm Hg. Because of these differences, the change in pO,
relative to the baseline value was calculated for each site in
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FIG. 4. HSRMS Analysis of in vivo data during transient focal ischemia.

Shown in this panel are low-gradient spectra

recorded during the (a) baseline, (b) occlusion, and (c) reperfusion periods for a single rat. Each spectrum is an average of five
30-sec scans acquired over a period of 7.5 min. All spectra are shown on the same scale. Each plot shows the spatially regis-
tered EPR signal intensity and fit to these data (left ordinate), as well as the pO, values estimated for each site (right ordinate).The
high-gradient spectra used in the HSRMS analyses are not shown.
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each rat. For the same experiment described in Fig. 4, the
changes in pO, relative to the mean baseline pO, for each site
during the baseline, occlusion, and reperfusion periods are
shown in Fig. 5. The pO; at the sites of the lateral and deep
implants in the ischemic hemisphere are observed to drop >10
mm Hg from their baseline values. These data show that the
pO, does not fall uniformly at these sites, but rather that the
pO- change at the lateral site lags >45 min behind that at the
deep site for this rat. For the medial sites in both hemispheres
the pO, is observed to vary closely about baseline values dur-
ing occlusion. On reperfusion, the pO, at each of the sites in
the ischemic hemisphere increases relative to the value during
the occlusion, and the pO, at the deep site is observed to re-
bound >10 mm Hg beyond its baseline value. The pO, at the
contralateral site does not change significantly between occlu-
sion and reperfusion.

Similar results were observed for each of the other rats in this
study, although variation in the sizes of the infarct regions led to
significant variability among the pO, measurements at each site.
Figure 6 shows the changes in pO, for each of the four sites and
experimental periods, averaged across rats and time. Despite the
variability due to infarct sizes, trends in the data are observed. At
the lateral and deep sites in the ischemic hemisphere, which are
intended to sample the periphery of the infarct region, decreases
in the pO, were observed. The pO, at these same sites was ob-
served to rebound to baseline levels during reperfusion and then
vary considerably after 24 h of recovery. The medial sites in both
hemispheres showed much less variation, which may be expected,
as they are distant from the focal ischemia.

DISCUSSION

The development of these techniques lays the groundwork
for subsequent studies, in which monitoring of cerebral pO,
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FIG. 5. Dynamic pO, measurements during cerebral isch-
emia/. HSRMS oximetry allows the simultaneous measure-
ment of pO; at each of the implant sites throughout the course
of the experiment. Shown here is an example of the changes in
pO- from baseline observed during occlusion and reperfusion.
The 120-min period of occlusion is shaded. During this period,
the lateral and deep sites in the ischemic hemisphere are acutely
affected, and the pO, at these locations decreases >10 mm Hg,
although not at the same rate.
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FIG. 6. Mean pO, measurements across rats. The average
changes in pO, from baseline for each of the implant sites dur-
ing occlusion, reperfusion, and at 24 h after occlusion are
shown. Each shaded bar denotes the mean pO, for a given site,
and error bars denote the standard error. The deep and lateral
sites in the ischemic hemisphere report reduced pO, during oc-
clusion and a rebound to near-baseline values during reperfu-
sion. (Occlusion, n = 6; reperfusion, n = 4; 24-h, n = 3).

throughout the duration of a stroke could be used to evaluate
and optimize treatment protocols. The power of this technique
lies in its ability simultaneously to measure pO, at multiple
closely spaced sites throughout the duration of the stroke model
from baseline to recovery. Through such measurements, the
changes in pO, at specific locations relative to the infarct can
be measured and the relations between the pO, values at dif-
ferent sites can be assessed. This will allow investigation of the
temporal changes in the size of the ischemic region and sever-
ity of ischemia after occlusion and allow therapeutic techniques
to be evaluated.

In the animal studies, a large amount of variation in the base-
line pO, values was observed from site to site within a single
rat and also across rats. The mean pO, value found across all
rats and all sites (25 = 9 mm Hg ) is slightly smaller than, but
not inconsistent with, those of similar previous studies (9, 16,
17), which reported mean pO, values between 30 and 35 mm Hg.
Differences in the pO, values between sites may be represen-
tative of heterogeneity of the oxygen in brain tissue. Signifi-
cant heterogeneity in cerebral pO; in rats has been reported in
previous studies in which measurements were performed using
EPR oximetry, polarographic oximetry with the Eppendorf elec-
trode, and the Oxylite system (Oxford Optronix, Oxford, U.K.)
(19,21, 22). O’Hara et al. (21, 22) reported that significant pO,
heterogeneity was found with each method, with standard de-
viations of greater than 20% of the mean pO, values. ANOVA
was applied to characterize the variance of the pO, measure-
ments made with EPR oximetry, and the total variance of the
pO, measurements was attributed to between-animal and spa-
tial variance, rather than to variance associated with the mea-
surement technique (22). Liibbers and Baumgirtl (19) used a
polarographic needle electrode to measure pO, profiles within
the rat cerebral cortex and reported a heterogeneous distribu-
tion, with values ranging from 5 to 85 mm Hg. Despite the large
variation among individual baseline pO, measurements in the
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current study, no statistically significant differences from the
overall mean value were found between any of the rats or sites.
In these experiments, the core temperatures of the rats were
maintained within the normal physiologic range, but the blood
pressure and end-tidal CO, were not monitored, and the rats
were not ventilated. It is possible that reduced blood pressure
or increased paCO, in these studies led to a general reduction
in blood flow and brain-tissue oxygenation.

A second difficulty encountered in this study was the vari-
ability in the sizes of the regions affected by the infarct. Based
on prior reports in the literature and the use, in this case, of
a surgeon with extensive successful experience with this
model, it is reasonable to conclude that the variability is due
to the intrinsic nature of the model. Because of this variabil-
ity, the relations between the implant sites and the ischemia
were not uniform across rats, and the a priori assignment of
implant sites to the core or periphery of the infarct region is
not ideal. Even with consistent positioning of the LiPc im-
plants, this variability brings into question the appropriateness
of averaging results across a cohort of rats. However, some
type of pooling is necessary to obtain statistically significant
results and proper evaluation of therapeutic measures. One
feasible approach would be to characterize the positions of in-
dividual implants with respect to the infarct based on post-
mortem anatomic analysis and then to use data based on this
characterization, rather than on absolute position, in the anal-
ysis of general results.

CONCLUSIONS

In this study of cerebral ischemia and reperfusion, the
HSRMS technique demonstrated the ability to measure pO, si-
multaneously at several sites near the focus of the infarct. The
HSRMS technique allows the use of several closely spaced im-
plants to measure multiple points within the ischemic regions
and thereby gain high-resolution information about the devel-
opment of the infarct. Such data can be used to characterize the
development of the ischemic region over space and time, and
the effects of therapeutic measures.
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