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Effect of Hyperoxia, Hypercapnia, and Hypoxia on
Cerebral Interstitial Oxygen Tension and Cerebral Blood

Flow

Timothy Q. Duong,” Costantino Iadecola,? and Seong-Gi Kim'

The assessment of cerebral interstitial oxygen tension (piO,)
can provide valuable information regarding cerebrovascular
physiology and brain function. Compartment-specific cerebral
piO, was measured by '°F NMR following the infusion of an
oxygen-sensitive perfluorocarbon directly into the interstitial
and ventricular space of the in vivo rat brain. '°F T, measure-
ments were made and cerebral piO, were obtained through in
vitro calibrations. The effects of graded hyperoxia, hypercapnia,
and hypoxia on piO, and cerebral blood flow (CBF) were inves-
tigated. Under normoxia (arterial pO, ~ 120 mm Hg), piO, was
~30 mm Hg and jugular venous pO, was ~50 mm Hg. During
hyperoxia (arterial pO, = 90-300 mm Hg), piO, increased lin-
early with the arterial pO,. Following hypercapnia (arterial
pCO, = 20-60 mm Hg), the piO, increased sigmoidally with
increasing CBF. With hypoxia (arterial pO, = 30-40 mm Hg),
CBF increased ~56% and piO, decreased to ~15 mm Hg. The
hypoxia-induced CBF increase was effective to some extent in
compensating for the reduced piO,. This methodology may
prove useful for investigating cerebral piO, under pathologically
or functionally altered conditions. Magn Reson Med 45:61-70,
2001. © 2001 Wiley-Liss, Inc.
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The mammalian brain is an aerobic organ that depends on
a continuous and adequate supply of oxygen to maintain
its structural and functional integrity. Relatively moderate
reduction in oxygen delivery can lead to severe brain
dysfunction. If tissue oxygen delivery is sufficiently com-
promised, loss of consciousness can occur within seconds
and irreversible neuronal damage within minutes (1).
Thus, tissue oxygen tension in the brain is carefully regu-
lated and may modulate in response to changes in neuro-
nal activity. It can also be drastically perturbed in diseased
states such as cerebral ischemia and brain tumors.
Oxygen in blood must cross the blood-brain barrier
(BBB) into the interstitial space, and subsequently into the
intracellular space to be utilized predominantly in the
mitochondria. It has been proposed that the dissolved
oxygen does not diffuse freely from the blood pool into the
interstitial space because the BBB acts as a barrier to the
passage of oxygen (2). If this were the case, a large gradient
of O, concentration across the vascular-interstitial com-
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partment would be expected. With the limited reports to
date, this issue remains controversial (2), and the oxygen
gradient across the vascular-interstitial space has not been
established. For example, some laboratories have reported
the mean tissue pO, (weighted average of all tissue com-
partments) to be close to, or below, venous pO, (3,4), while
others reported the mean tissue pO, to fall in between the
arterial and venous pO, (5). In addition, little is known
regarding how the interstitial or tissue oxygen tension is
modulated in response to changes in arterial oxygen ten-
sion and/or CBF. Thus, the ability to measure compart-
ment-specific interstitial, arterial, and venous oxygen ten-
sion in the brain could potentially shed light on the un-
derlying mechanism by which oxygen passes from the
capillary across the BBB and into the brain tissue.

Tissue oxygen tension in general has been studied using
a variety of techniques, including reflectance spectropho-
tometry (2,3), oxygen-sensitive microelectrodes (4,5), flu-
orescence quenching (6), optical and infrared probes (7),
electron spin resonance oximetry (8), and the indicator-
dilution technique (9). For example, in isolated mitochon-
drial preparations in vitro the critical oxygen tension nec-
essary for mitochondria to function was determined to be
as low as 1-2 mm Hg by using reflectance spectrophotom-
etry (3). Based on these measurements, it has been specu-
lated that the intracellular oxygen tension is on the same
order of magnitude. Measurements using oxygen-sensitive
electrodes have yielded valuable information regarding
the distributions of tissue oxygen tension in the cerebral
cortex. The mean tissue oxygen tension in the brain has
been reported to be anywhere from 5 mm Hg (4) to 40 mm
Hg (5). However, this technique can not be used to distin-
guish compartment-specific oxygen tension in the intersti-
tial, intracellular, arterial, and venous blood spaces; thus,
the measured pO, is a weighted average of all these com-
partments.

Alternatively, tissue oxygen tension can be measured
using MR by exploiting the relaxation properties of '°F-
labelled perfluorocarbons (PFCs). The '°F spin-lattice
(R, = 1/T,) and the spin-spin (R, = 1/T,) relaxation rate
constants of the perfluorocarbon are highly sensitive to
oxygen tension because the paramagnetic molecular oxy-
gen acts as an effective relaxation reagent on the '°F per-
fluorocarbon. Furthermore, the '°F R, and R, are linearly
dependent on the dissolved oxygen concentration, making
quantitative analysis relatively straightforward. There
have been many previous investigations of tissue (10) and
cerebrovascular oxygenation (11) using *°F MR of perfluo-
rocarbon emulsions following vascular infusion. In partic-
ular, tissue piO, measurements in animal models using
intravenously administered PFCs have been reported in
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liver (12,13), spleen (12,13), and brain with tumors (14,15).
An alternative approach that uses direct injection of a
perfluorocarbon into the organ of interest has been dem-
onstrated previously in the eye (16).

In this study, we extended the "°F PFC applications to
measure compartment-specific interstitial (as opposed to
the weighted average tissue) oxygen tension in the rat
brain in vivo under normal physiological conditions and
following physiological perturbations. This application in-
volved administering a compartment-specific, '°F-la-
belled, oxygen-sensitive PFC emulsion directly into the
interstitial/ventricular space in the in vivo rat brain via
intracerebro-ventricular infusion. F MR T, measure-
ments were made using volume-localized spectroscopy on
the rat brain and the cerebral interstitial pO, (piO,) was
derived through in vitro calibration curves of '°F 1/T, vs.
dissolved oxygen partial pressure. In conjunction with
blood-gas samplings and CBF measurements using the
continuous arterial spin labeling technique (17-19), we
applied this methodology to investigate: 1) the coupling
between vascular and interstitial oxygen tension by mod-
ulating the inhaled oxygen concentration; and 2) the cou-
pling between CBF and interstitial oxygen tension by mod-
ulating the inhaled carbon dioxide concentration. To the
best of our knowledge, this study presents the first MR
measurement of the compartment-specific, cerebral inter-
stitial and ventricular pO, in vivo in a serial, relatively
noninvasive manner under hypercapnic, hyperoxic, and
hypoxic conditions.

METHODS
In Vitro Calibration

The highly sensitive PFC, perfluoro-15-crown-5-ether
(MW = 580.27 g/mole, Exfluor Research Co., Round Rock,
TX), was chosen as the marker for oxygen tension mea-
surement because of its high sensitivity (12,20). With
20 equivalent 'F nuclides, this PFC gives rise to one
single resonance (12,20) without the loss of signal sensi-
tivity due to chemical-shift modulation. The PFC was
emulsified in a mixture of 2% lecithin and 2% safflower
oil, with an average emulsion size of ~200 nm in diameter
(40% v/v, Gateway Technology Inc., St. Louis, MO). In
vitro calibrations relating R, to O, partial pressure were
made using four or five different [O,] bubbled into pure
PFC emulsion samples for ~30 min to equilibrium at 37°C.
For the calibration at 9.4 T, the [O,] used were 0, 21, 40,
60, and 100% with balance N,. For the calibration at 4.7 T,
the [O,] used were 0, 21, 31, and 100% O, with balance N..
Two different samples were prepared for each gas condi-
tion at each magnetic field and two T, measurements were
made on each sample. The sample temperature was main-
tained at 37.0+0.5° C via a circulating warm water bath
during the T, measurements. '°F inversion-recovery mea-
surements were made using 20 inversion delays (TI). Con-
version of percent oxygen to units of mm Hg assumed that
100% oxygen is equal to 760 mm Hg.

Animal Surgery

A total of 36 male Sprague Dawley rats (250—300 g) were
anesthetized with 1% halothane (for the hyperoxia and
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hypercapnia studies) or 1-2% isoflurane (for the hypoxia
study) in a mixture of O, and N, gases. Following oral
intubation, the animal was placed in a stereotaxic head
frame (Stoelting, Wood Dale, IL) for intracerebro-ventric-
ular (ICV) infusion of the PFC emulsion. Two small holes,
~1.0 mm in diameter, were drilled in the skull to target the
lateral ventricles at the coordinates of +1.4 mm lateral to
the midline, 0.9 mm posterior from the bregma and 3.5 mm
deep from the dura (21). Two stainless steel 30-gauge
needles were stereotaxically placed into the lateral ventri-
cles. A small volume (~80 p.1) of the isotonic, pH-balanced
emulsion was simultaneously infused into the two cere-
bral lateral ventricles via an infusion pump (Harvard Ap-
paratus, South Natick, MA) over ~1 hour. After the ICV
infusion, a jugular vein and a femoral artery were cathe-
terized with PE-50 tubing for blood-gas sampling and/or
physiological monitoring. The end-tidal CO, and the in-
spired gases (O,, CO,, and N,) were continuously moni-
tored using a capnometer (Detex-Ohmeda, Louisville, CO).
The mean blood pressure and heart rate were monitored
via the femoral artery by using a pressure transducer and a
differential amplifier. The analog signals were digitized
and recorded using the Biopac analog-to-digital converter
and the Acknowledge software (Santa Barbara, CA). The
animal’s rectal temperature was monitored and main-
tained at 37 *= 1°C throughout the experiments using a
warm water bath, which was regulated via a feedback
circuit.

Four groups of experiments were performed in which
different O, or CO, concentrations with balance N, were
added to the inhaled gas. In group I (hyperoxia, N = 5, 1%
halothane), seven to 10 different O, concentrations rang-
ing from 30 to 100% (typically: 30, 40, 50, 60, 70, 80, 90,
and 100% O,) were added to the inhaled gas for each
animal under ~1% halothane. The arterial pCO,, (as deter-
mined by blood-gas and end-tidal CO, sampling), and thus
CBF, was maintained relatively constant. In group II (hy-
percapnia, N = 5, 1% halothane), seven to 10 different CO,
concentrations ranging from 0 to 7% (typically: 0, 0.5, 1, 2,
3,4, 5,6, and 7% CO,) were added to the inhaled gas for
each animal under ~1% halothane. The arterial pO,
(pa0,) was maintained relatively constant. In group III
(hypoxia, N = 16, 1% isoflurane), graded hypoxic hypoxia
was achieved by systematically lowering the oxygen con-
centration of the inhaled gas in rats under ~1% isoflurane.
Five to seven different O, concentrations ranging from
10 to 50% (typically, the [O,] was decreased from 50, 28,
19, 14, 12, and 10% with balance N, gas) were used in
each animal. Four out of 16 rats in this group were used as
control in which hypoxia was induced without ICV infu-
sion. In group IV (hypoxia, N = 10, 2% isoflurane), similar
graded hypoxic hypoxia was achieved in rats under ~2%
isoflurane. Four out of 10 rats in this group were used as a
control in which hypoxia was induced without ICV infu-
sion.

Blood-gas and MR measurements were made at least
15 min (typically 20 min) following each new gas condi-
tion. This duration was determined in some animals to be
more than sufficient to ensure a steady state based on
repeated blood-gas and '°F T, measurements. In all exper-
imental groups, both *°F T, and "H CBF measurements for
each gas condition were made except in Group I, in which
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only "°F T, measurements were made. Blood-gas samples
(~0.06 cc each) were obtained from the femoral artery and
jugular vein for each gas condition and analyzed by a
blood-gas machine (Rapidlab Model 248, Chiron Diagnos-
tics, East Walple, MA). Hyperoxia (22), mild hypercapnia
(22,23), and hypoxia (22) do not significantly alter cerebral
metabolism. Similarly, hyperoxia does not significantly
alter CBF if the arterial pCO, is maintained relatively
constant (22). At the end of most experiments, the animal
was killed by an intravenous KCl (potassium chloride)
overdose or by total hypoxia (inhaling 100% N,). *°F T,’s
were measured from the time of death (indicated by the
flattening of arterial blood pressure and/or end-tidal CO,)
to ~15 min after death.

MR Experiments

All MR studies except the hyperoxia study were per-
formed on a 9.4T/31cm (Magnex Scientific, Abingdon, UK)
horizontal MRI scanner equipped with a 30-G/cm gradient
(11.0 cm ID, 300-us rise time; Magnex Scientific). The
hyperoxia study was performed on a 4.7T/40cm (Oxford
Magnet, Oxford, UK) horizontal MRI scanner equipped
with a 15-G/cm gradient (10.8 cm ID, 300-us rise time;
in-house built). The MR scanners were independently
driven by two essentially identical “»INOVA consoles
(Varian, Palo Alto, CA) and hardwares. After surgery, the
animal was carefully secured in an in-house-built head
holder with ear and bite bars to minimize head movement.
A small surface coil of ~1.2 cm in diameter, tunable to
both 'H and "°F resonance frequencies, was positioned on
top of the rat head. An image-guided voxel of ~10 X 8 X
8 mm® was placed at the center of the brain. All of the MR
parameters used on the two MR scanners were similar
unless otherwise specified. Field homogeneity was opti-
mized on the voxel by shimming to yield a "H,O spectral
linewidth of ~20 Hz at 9.4 T and ~15 Hz at 4.7 T. *F MR
spectra were acquired using the volume-localized, double
spin-echo, point-resolved spectroscopy (PRESS) sequence
with an echo time of 22 msec at 9.4 T and 32 msec at 4.7 T.
The three radiofrequency pulses in the PRESS sequence
were 3-msec sinc pulses. A pair of crusher gradients
(10 G/cm for 3 msec) was placed around each of the two
180° refocusing pulses to destroy residual transverse mag-
netization due to imperfect magnetization refocusing of
the 180° pulses.

To measure pi0,, '°F inversion-recovery measurements
were made with seven variable inversion delays (0.19,
0.38,0.75, 1.5, 3, 6, and 12 sec) and a delay of 5 T, between
subsequent inversion experiments. Typically, 2—6 tran-
sients were accumulated for signal averaging in each '°F
T, measurement. Four T, measurements were made for
each gas condition. Each T, measurement took 3-5 min.

Quantitative CBF measurements were made on the same
voxel by using the continuous arterial (*H) spin-labeling
technique (18,19) in spectroscopy mode before or after the
'9F T, measurements. Continuous arterial spin labeling
(with 3-sec labeling time) employed a butterfly neck coil
(0.5-cm diameter) placed at ~2 cm posterior from the
imaging coil. Typically, four sets of CBF measurements
were made for each equilibrated gas condition, with each
set consisting of eight pairs of labeled and nonlabeled
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spectra. The sign of the frequency offset was switched for
the control (nonlabeled) spectrum. Each set of CBF mea-
surement took ~1 min.

Data Analysis

Inversion-recovery data were fitted to a three-parameter
model using the non-linear least-square method. Determi-
nation of piO, from the °F T, measurements employed
the standard calibration curves performed on the emulsion
phantoms. The O, partial pressure in mm Hg was con-
verted to O, concentration in mM based on the O, solu-
bility in hemoglobin and water (24). The latter was as-
sumed to be representative of interstitial fluid and cerebro-
spinal fluid (CSF). Quantitative CBF values were
calculated as described elsewhere (17-19) except that the
small magnetization transfer effect from macromolecules
was ignored. Statistical analysis employed a Student
paired f-test, and a P-value of 0.05 was taken as the crite-
rion for statistical significance unless otherwise specified.
All reported values are in means = SD and all error bars in
the graphs represent standard error of the mean (SEM)
unless otherwise specified.

RESULTS
Calibration
From the linear least-squares analysis, the standard cali-

bration curves for PFC '°F R, vs. dissolved oxygen partial
pressure at the two magnetic fields (37°C) were:

R, (at 4.7 T) = 0.362 + 0.00215 O,, R*=0.999, [1a]
and
R, (at 9.4 T) = 0.445 + 0.00192 O,, R*=0.998, [1b]

where R, is in sec™ and O,, is the partial pressure of oxygen
bubbled into the emulsion in mm Hg. The uncertainties
(standard errors) of four repeated T, measurements were
typically +0.01 sec. The standard errors of the estimated
slopes were 2.5 X 107 at 4.7 T and 5.4 X 107 at 9.4 T;
those of the estimated intercepts were 0.01 at 4.7 T and
0.02 at 9.4 T.

Physiology and Distribution

ICV infusion rate and volume were carefully adjusted to
avoid seizure and central nervous system herniation. Rats
tolerated the ICV infusion well and essentially all animals
(> 90%) survived until they were euthanized. The ani-
mal’s blood gas, end-tidal CO,, arterial blood pressure, and
heart rate were maintained within normal physiological
ranges unless otherwise perturbed (pH = 7.35-7.47,
pCO, = 32—42 mm Hg, pO, = 120—160 mm Hg, end-tidal
CO, = 3.5-4.5% atmosphere, mean arterial blood pres-
sure = 75-110 mm Hg, and heart rate = 340-380 bpm).
The animal’s rectal temperature was maintained at
37.0+0.5°C throughout the experiments.

To determine whether the PFC administered via the ICV
infusion was reasonably distributed in the interstitial
space in the brain, '°F MR spectra from multiple regions of
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FIG. 1. a: A representative set of 9.4T'°F inver-
sion-recovery spectra obtained from a voxel (10 X
8 X 8 mm?) including essentially the entire brain.
The T, measurement took ~3 min. The FWHM of
each spectrum was ~100 Hz and a line broadening
of 100 Hz was used. b: An inversion-recovery plot
of the spectra. The solid curve is the three-param-
eter T, fit to the data, yielding a T, of 1.65 sec. The
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the brain were acquired starting at ~1 hr and continuing
up to ~6 hours after the end of the ICV infusion in some
animals. The regions of equal volume (~2 X 2 X 4 mm?)
selected for the MR acquisition were the forepaw primary
somatosensory cortex, the caudate putamen, and the lat-
eral ventricle. Approximately 1 hr after the ICV infusion,
*9F MR signals were clearly detectable in the ventricular
voxel with little or no signals from the other two voxels. As
time evolved, the 'F MR signals became detectable in
other regions in addition to the ventricular voxel. The
highest signal amplitude per volume remained localized
around the lateral ventricles. At ~4 hours, the voxel signal
amplitudes in the caudate putamen and the somatosensory
cortex were ~10—-30% that of the ventricular voxel per
volume basis and did not appear to change much after ~4
hr. This was most likely due to the relatively large inter-
stitial and CSF space in and around the lateral ventricular
spaces. Given the small size of the PFC emulsion particles
of ~200 nm, they should have little difficulty in distribut-
ing to the cerebral interstitial spaces, which are on the
order of a few microns. However, sufficient time must be
allowed for the distribution because CSF circulation is
relatively slow. Based on these results and previous expe-
rience (21), ~4 hr was necessary for the PFC to be reason-
ably distributed. Therefore, '°F T, measurements to obtain
piO, were made starting at least 4 hr after the termination
of the ICV infusion. Due to the presence of significant
signal contamination from the ventricular spaces, the term
“interstitial” space is used herein to collectively refer to
include both the interstitial and ventricular spaces.
Figure 1a shows a representative set of '°F volume-
localized, inversion-recovery spectra at 9.4 T (spectra at
4.7 T were of comparable quality). The corresponding
inversion-recovery plot is shown in Fig. 1b. The three-
parameter T, fitting yielded a T, value of 1.65 sec, corre-
sponding to an interstitial/ventricular pO, of ~84 mm Hg
(Eq. [1]). The uncertainties (standard errors) in the in vivo
T, values obtained from a single measurements and from
four repeated measurements were typically +0.01 and
+0.015 sec, respectively. The arterial and venous blood
gases of the animal immediately after this T, measurement
were ~252 and ~67 mm Hg, respectively. The errors as-
sociated with the repeated blood-gas pO, measurements
were estimated to be on the order of 5-10% (£10 mm Hg
at ~200 mm Hg and +5 mm Hg at ~50 mm Hg). Note that
the venous blood gases referred to in this work were ob-
tained from the jugular vein, which is slightly contami-
nated with some blood draining from the face and head in
rats. However, for systemic physiological modulations
such as hyperoxia, hypercapnia, and hypoxia, jugular ve-

Poowoon arterial and venous blood gases of the animal im-
mediately after this T, was measured were 252 and

67 mm Hg, respectively.

nous blood-gas values are reasonably representative of the
cerebral venous blood gas values (25).

At the end of most experiments, the animals were sac-
rificed via intravenous KCl overdose. The average T,
within ~15 min postmortem was 2.17 = 0.05 sec (N = 15)
at 9.4 T, slightly lower than the in vitro value of 2.25 sec at
0 mm Hg [O,]. This is likely due to the slight decrease in
brain temperature and/or residual tissue oxygenation after
death. Rectal temperature dropped by < 1°C within 20 min
postmortem, and brain temperature was likely to decrease
slightly more. The presence of residual tissue oxygen ten-
sion was confirmed by comparing the postmortem T, val-
ues in rats killed by KCl overdose and by total hypoxia
(inhaling 100% N,). The T, from total hypoxia, which
presumably left negligible residual tissue pO,, yielded a
larger T, (2.20 * 0.05 sec, N = 5), closer to the in vitro
calibration value at 0 mm Hg [O,].

In a separate set of experiments in which '°F T, was
measured using 64 logarithmic-spaced, inversion-recovery
delays (with 8—10 transients accumulated for signal aver-
aging), bi-exponential characteristics were not detected in
live animals. Similarly, bi-exponential characteristics
were also not detected postmortem (data not shown).
Thus, all subsequent T, measurements were made with
7 inversion delays to obtain a mono-exponential T;.

Hyperoxia (Group |)

Cerebral interstitial, arterial, and venous blood-gas oxygen
tensions were measured at different inhaled oxygen con-
centrations. Figure 2 shows the MR-derived piO, in brain
and the jugular vein blood-gas pO, (pvO,) as a function of
arterial blood-gas pO, (paO,). The piO, increased roughly
linearly with paO, (from 90—-300 mm Hg). The piO, rises
from a value below the pvO, to a value above the pvO,,
with the intercept between the interstitial and venous pO,
curves at ~180 mm Hg paO,. At normal physiological
pa0, (~120 mm Hg) and CBF, the cerebral piO, was ~30
mm Hg, significantly lower than the paO, and slightly
lower than the pvO, (~50 mm Hg). The pvO, increased
over a small range (50—70 mm Hg) as the paO, was mod-
ulated from 90-300 mm Hg. The average arterial pCO,
(paCO,) for all animals in the hyperoxia experiments was
36 = 8 mm Hg (N = 5).

Hypercapnia (Group )

The cerebral interstitial, arterial, and venous oxygen ten-
sions and CBF were measured at different inhaled carbon
dioxide concentrations. Figure 3a shows the MR-derived
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FIG. 2. In vivo interstitial and venous oxygen tension as a function
of arterial oxygen tension. There is a positive correlation between
the cerebral interstitial and arterial oxygen tension (circles). The
intercept between the interstitial and venous pO, curves is at ~180
mm Hg paO,. All error bars are SEMs. The lowest paO,, data points
do not have error bars. Some error bars are too small and thus not
visible.

CBF as a function of paCO,. A rough sigmoidal shape was
observed, consistent with the well known hypercapnia-
induced CBF increase reported in the literature (26,27).
The average paO, for all animals in the hypercapnia ex-
periments was 148 = 16 mm Hg (N = 5).

Figure 3b shows the MR-derived piO, as a function of
CBF. The curve also appears to be sigmoidal in shape. At
a normal physiological CBF of ~1 ml/g/min, the average
piO, measured in the hypercapnia study was consistent
with that measured in the hyperoxia study, which were
performed on a different group of animals and at a differ-
ent magnetic field (same anesthetics). The piO, increases
approximately linearly with CBF over the physiological
range of ~1.0-2.0 ml/g/min and appears to reach a plateau
at ~2.3 ml/g/min. In the linear portion of the curve (CBF =
1-2 ml/g/min), ~100% increase in CBF resulted ~50%
increase in piO,. Figure 3b also shows that the pvO, in-
creased over a small range (65—75 mm Hg) as a function of
CBF.

Hypoxia (Groups Il and 1V)

Graded hypoxia was studied in a total of 11 ICV-infused
rats under ~1% isoflurane anesthesia (Group III). At the
start of the experiments with the animals inhaling ~50%
oxygen, the average paO, was 198+13 mm Hg and pvO,
was 67*9 mm Hg. Hypoxic hypoxia was induced by sys-
tematically lowering the oxygen concentration of the in-
haled gas without changing the ventilator settings. The
lowest paO, typically achieved was ~30—40 mm Hg, re-
sulting from inhaling 10-12% oxygen. Figure 4a shows
the group-averaged CBF and piO, as a function of paO,
under 1% isoflurane for 9 of the 11 rats. No hypoxia-
induced CBF increases were observed in two of the ani-
mals and they were not further analyzed. The baseline
non-hypoxic CBF value was 0.87+0.27 ml/g/min. CBF

65

increased exponentially as the paO, dropped below ~60
mm Hg. Under hypoxic conditions with ~30—-40 mm Hg
pa0,, the CBF increased by ~56% relative to normoxia
(from 0.87+0.27 to 1.35+0.43 ml/g/min), consistent with
the average ~54% hypoxia-induced CBF increases previ-
ously reported in the rat brain (28). In contrast to the
normoxic and hyperoxic conditions, the piO, (~15 mm
Hg) was markedly lower than the pvO, (297 mm Hg)
under hypoxic conditions with ~30-40 mm Hg paO,. The
piO,, consistently decreased with decreasing paO, despite
the hypoxia-induced CBF increase.

The arterial and venous blood-gas pH under hypoxia
(30—40 mm Hg paO,) were not statistically different from
normoxia. The mean arterial blood pressures also re-
mained relatively constant at ~100 mm Hg. On the other
hand, the arterial blood-gas pCO, decreased from 35+*2
(normoxia) to 2924 mm Hg (P = 0.002), suggesting that the
animals became hypocapnic, likely resulting from the hy-
poxia-induced CBF increase. The heart rates increased
from ~380 bpm at normoxia to ~450 bpm at paO, of
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0.5 T T T T T T T T 1
20 30 40 50 60
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Jugular (blood gas)
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T
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504 Brain interstitial
40 T T T T 1
0.5 1.0 1.5 2.0 2.5 3.0
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FIG. 3. a: CBF as a function of arterial blood-gas pCO,. The

CBF-paCO, relationship appears sinusoidal. b: Cerebral interstitial
and venous pO, as a function of CBF. The relationship between
interstitial oxygen tension and CBF also appears to be sigmoidal. All
error bars are SEMs. The lowest CBF data point does not have an
error bar.
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FIG. 4. CBF and piO, as a function of arterial blood-gas pO, under
(@ ~1.0% and (b) ~2% isoflurane during hypoxia. Under ~1%
isoflurane, CBF increased exponentially as paO, decreased below
~60 mm Hg. Under ~2% isoflurane, hypoxia-induced CBF in-
creases were not observed; rather, CBF monotonically decreased
with decreasing paO, starting at ~60 mm Hg paO,. The interstitial
pO, under both anesthesia levels decreased monotonically follow-
ing graded hypoxia (see also Fig. 5).

30—40 mm Hg. These observations are in good agreement
with those reported previously (28-30).

It is possible that the combined effect of ICV infusion
might have compromised the hypoxia-induced CBF re-
sponse to some extent. Thus, as a control, hypoxia was
also induced in rats under identical conditions but with-
out ICV infusion. The hypoxia-induced CBF increase was
~50% when the paO, was reduced to 34+4 mm Hg (N =
4). These data indicate that ICV per se did not significantly
alter the hypoxia-induced CBF response under these con-
ditions.

To investigate the anesthetic effect on the cerebrovascu-
lar response to hypoxia, similar graded hypoxia experi-
ments were performed on six rats under 2% isoflurane
(Group IV). At the start of the experiments with the ani-
mals inhaling ~50% oxygen, the average arterial and ve-
nous pO, were ~210 and ~70 mm Hg, respectively. None
of the rats under 2% isoflurane exhibited hypoxia-induced
CBF increases (Fig. 4b). Rather, CBF monotonically de-
creased with decreasing paO, starting at ~60mm Hg paO,,.
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The piO, also decreased monotonically as a function of
pa0,. The arterial and venous blood-gas pH under hypoxia
(30—40 mm Hg paO,) were not statistically different from
that under normoxia, while heart rate increased slightly
from 380 to 440 bpm, consistent with hypoxia under ~1%
isoflurane. Unlike hypoxia under ~1% isoflurane, there
was a significant drop in mean arterial blood pressure from
~80 to ~40 mm Hg under hypoxia with ~2% isoflurane.
The end-tidal CO, was 3.5—4.5% before hypoxia and it
gradually decreased starting at ~50 mm Hg paO, and
reached ~1.5% at 30—40 mm Hg paO,. These data sug-
gested that oxygen metabolism in hypoxic rats under 2%
isoflurane was markedly reduced. To exclude the possible
effects of ICV infusion per se on the hypoxic response,
similar control experiments were performed in which hyp-
oxia was induced in rats under 2% isoflurane without ICV
infusion. No CBF increases associated with hypoxia were
observed (data not shown, N = 4), suggesting that the
cerebrovascular regulation under hypoxia was impaired
under heavy anesthesia and that the absence of hypoxia-
induced CBF increase was unlikely to be a direct conse-
quence of ICV infusion per se.

In blood, oxygen partial pressure (mm Hg) is not a linear
function of oxygen concentration (mM) because hemoglo-
bin binds oxygen in a cooperative fashion, while in the
interstitial fluid oxygen partial pressure is a linear func-
tion of oxygen concentration. Therefore, it is informative
to re-plot arterial and interstitial pO, of Fig. 4 in units of
mM oxygen concentration (Fig. 5). At arterial pO, of
~120 mm Hg, the interstitial [O,] is ~0.5 mM. Under 1%
isoflurane, there is a clear plateau in interstitial oxygen
concentration at ~0.2 mM (~15 mm Hg) as the paO,
dropped below ~60 mm Hg, suggesting that the piO, is
compensated to some extent. Based on these curves, the
critical piO, was estimated to be < 15 mm Hg or <
0.20 mM. On the other hand, the interstitial oxygen con-
centration under 2% isoflurane decreased slightly faster
and to a lower value than that under 1% isoflurane. This is
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FIG. 5. Interstitial O, concentration (in mM) as a function of arterial
blood-gas O, concentration. The interstitial oxygen concentrations
markedly decreased following graded hypoxia. The interstitial O,
leveled off under 1% isoflurane but not under 2% isoflurane. The
critical piO, was estimated to be <0.20 mM or <15 mm Hg.
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likely to be related to the absence of hypoxia-induced CBF
increase under 2% isoflurane. It should be noted that the
[O,] estimates were obtained without taking into account
the effect of pCO,, pH, and other factors on the hemoglo-
bin O,-dissociation curve. Therefore, the reported [O,]
should be considered to be rough estimates under hypoxic
conditions.

DISCUSSION

Assessment of the ICV Perfluorocarbon Infusion

PFC emulsions are known to be excellent blood substi-
tutes, and their biocompatibility in general has been ex-
tensively reviewed (24). Some PFCs have been approved
for human use and many others are currently undergoing
clinical trials (24). Specifically, no short-term ill effects
have been observed associated with the intravenous use of
perfluoro-15-crown-5-ether emulsion in mice with tumor
(12) and normal rats (20), though a study reported some ill
effects in nude mice implanted with human glioma (31). In
the application presented in this work, the emulsion was
administered directly into the interstitial/ventricular
space. The ICV infusion volume was small relative to the
interstitial and CSF volume (estimated to be ~1cc, as
extrapolated from human data). In conjunction with the
slow infusion rate, the adverse effect of a possible increase
in cranial pressure was minimized. The small volume
infused unfortunately made '°F imaging impractical. Fol-
lowing the ICV infusion, no short-term ill effects were
observed, as indicated by the normal blood gas, mean
blood pressure, heart rate, and survival rate. Furthermore,
the animals were responsive to a wide range of physiolog-
ical perturbations, such as hypercapnia and hypoxia.
However, the long-term effects of the ICV infusion of the
emulsion remain to be investigated.

There are two main drawbacks associated with this ICV
approach in measuring piO,. First, there was some tissue
damage around the injection sites. However, the area of
damage is small compared to the voxel size, so measure-
ments reflect predominantly intact brain tissue. Second,
the PFC distribution was weighted toward the cerebral
ventricles and subarachnoid spaces per volume basis.
However, the cerebral lateral ventricular volume was
small compared to the interstitial/ventricular space of the
whole brain voxel. A smaller, compartment-specific oxy-
gen-sensitive marker might be more readily distributed in
the interstitial space, potentially resulting in less weight-
ing toward the large CSF spaces. Nevertheless, the oxygen
tension in the cerebral ventricles had been estimated to be
similar to that in the interstitial space using oxygen-sensi-
tive electrode technique (32). An interesting alternative to
PFC emulsion in this context is to use its non-emulsified
form (16). While the intravascular administration of the
non-emulsified PFC is known to cause vascular embolism,
the ICV infusion of the non-emulsified PFC does not suffer
such a drawback. Since the non-emulsified PFC is biolog-
ically inert and rarely toxic, its potential application in
this context should be evaluated as it may yield better
signal sensitivity per unit volume and more uniform dis-
tribution based on its size.
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Accuracy and Precision of the pO, Measurement

The accuracy of the estimated piO, is predominantly de-
pendent on how accurately the '°F T, is measured. The T,
uncertainty in vivo was typically £0.015 sec (SEM) for the
four repeated measurements. Based on the uncertainties of
the estimated slope and intercept of Eq. [1], the uncertain-
ties of the estimated in vivo pO, were ~4% (= 2 mm Hg)
at high (50 mm Hg) and ~9% (= 1.35 mm Hg) at low
(15 mm Hg) piO,. Another potential source of inaccuracy
was temperature fluctuation and its effect on the T, value.
'9F PFC T, has been shown to be temperature dependent
(12). However, the in vitro and in vivo studies herein were
performed at 37.0+0.5°C; thus, the T, error arising from
temperature variation was unlikely to be significant. Based
on Dardzinski and Sotak’s (12) temperature calibration at
2 T (12), a piO, error of < 4 mm Hg is expected for the
maximum ~1°C drops in temperature postmortem.

The precision of the piO, measurement is dependent on
how well the in vitro calibration reflects the in vivo piO,.
CSF is predominantly made up of water with low substrate
concentrations, and paramagnetic molecular oxygen is the
predominant relaxation reagent on the '°F PFC (12,20).
Therefore, oxygen tension calibration performed in water
instead of artificial CSF is unlikely to significantly com-
promise the precision of the in vivo piO, measurement.
The slightly smaller postmortem T, following KCl over-
dose compared to the 0-mm Hg [O,] in vitro is most likely
due to the residual tissue oxygen and/or brain temperature
drop postmortem.

Hyperoxia

In principle, the oxygen tension in the interstitial space is
dependent on oxygen consumption and delivery. The lat-
ter is further dependent on the arterial blood oxygen ca-
pacity, CBF, and capillary permeability to oxygen. It is
well established that oxygen consumption and CBF re-
main relatively unchanged during hyperoxia (22). The
capillary permeability remains relatively constant (it may
decrease slightly under acute and/or prolonged hyperoxia)
(22). Thus, the measured piO, was exclusively dependent
on the arterial oxygen capacity, which was the only mod-
ulated parameter in the hyperoxia study. At physiological
pa0, (paO, ~ 120 mm Hg), the average cerebral piO, was
~30 mm Hg. As of yet, there are no data in the literature on
the compartment-specific cerebral piO, with which to
compare our values. A wide range of mean tissue oxygen
tensions from 5 mm Hg (4), 25 mm Hg (33), to 40 mm Hg
(5) has been reported by using the oxygen-sensitive elec-
trode technique. However, this technique reported a con-
volution of oxygen tension in the vascular, interstitial, and
intracellular spaces, and thus can not be directly com-
pared with our data. Nevertheless, our data are consistent
with these electrode measurements, the values of which
are expected to be lower due to the weighted contribution
from the low-pO, intracellular compartment.

A roughly linear relationship between the piO, and
pa0, was observed. This is consistent with the notion that
oxygen passage across the BBB is predominantly passive.
In other words, the oxygen passage across the BBB is likely
to be driven by the oxygen partial pressure gradient and
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not by active or facilitated transport. If active and/or facil-
itated transport were present, a saturation effect at high
pa0, would be expected. At normal physiological paO,,
the piO, was slightly lower than pvO,, suggesting that
oxygen delivery was in delicate equilibrium with oxygen
consumption under basal neural activity. At high paO.,,
the piO, was slightly higher than the pvO,. This is not
unexpected since the measured piO, was an average value
representing the interstitial spaces in exchange with the
arterial and venous ends of the capillary beds. Thus, piO,
could be higher than the pvO, if the oxygen supply ex-
ceeded the oxygen demand. At low paO,, on the other
hand, the piO, was slightly lower than the pvO,. This
appeared to be the effect of O, consumption, which de-
creased the piO,. These data, however, did not suggest that
the oxygen supply was limiting, only that O, consumption
exerted an observable effect on the interstitial oxygen pool,
leaving it at a lower equilibrium value.

Absolute O, concentrations in units of mM in the inter-
stitial, arterial, and venous compartments were estimated
based on the O,-carrying capacities of hemoglobin and
interstitial fluid. The O,-carrying capacity of hemoglobin
is ~20% volume at 150 mm Hg and ~18% volume at
50 mm Hg. The O,-carrying capacity of water is ~0.4% at
30 mm Hg (~2% volume at 150 mm Hg) (24). Based on
these data, the O, concentration (in % volume or mM) in
the ventricular/interstitial spaces under normal physiolog-
ical conditions was estimated to be ~50 and ~45 times
less than that in the arterial and venous blood, respec-
tively. In marked contrast, the O, partial pressure in the
interstitial space was only ~3 times lower than that in the
arterial blood and ~1.5 lower than that in the venous
blood under normal physiological conditions.

Hypercapnia

The relationship between piO, and CBF was roughly lin-
ear for the CBF values of 1-2 ml/g/min. At this range, a
100% increase in CBF resulted in ~50% increase in oxy-
gen delivery to the interstitial space, suggesting that the
decreased transit time resulting from increased CBF had a
significant effect on the oxygen passage across the BBB.
This notion is consistent with the observation that at high
CBF (i.e., > 2.3 ml/g/min) the effect of the shortened
capillary transit time on the oxygen extraction fraction
appeared to become more important, resulting in the piO,
plateau as the CBF continued to increase. Additionally, it
is also possible that vessel dilation induced by CO, might
be reaching, or is already at, maximum despite further CBF
increase, resulting in the piO, plateau.

Interstitial oxygen tension measurement associated with
hypercapnia is of particular interest in the context of ox-
ygen delivery to the interstitial space following increased
neural activity. It has been well established that there is a
direct coupling between regional CBF and neural activity
(34). The degree of coupling between neural activity and
oxidative metabolism associated with increased neuronal
activity, however, remains controversial (35,36). Based on
the hypercapnia data in which the piO, increase was half
of the hypercapnia-induced CBF increase, ~25% piO, in-
crease is expected for the typical ~50% (35,37) stimulus-
induced CBF increase in the human visual cortex. This
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piO, increase is substantial. Furthermore, the stimulus-
induced increase in oxygen consumption could poten-
tially increase the oxygen pressure gradient, resulting in
an increased delivery of oxygen to the interstitial space.
Measurement of cerebral piO, associated with neural stim-
ulation is expected to yield valuable insights into the
changes in oxygen delivery and metabolism associated
with brain functions.

Hypoxia

Cerebral hypoxia is a much studied phenomenon because
it is associated with many clinical conditions, ranging
from pulmonary and circulatory disorders to reduced in-
spired oxygen tension, such as from high altitude exposure
and entrapment in a confined space (29). It is also relevant
to tumor radiotherapy, as hypoxic tumor tissue is believed
to be less susceptible to radiation treatment (38). The most
prominent physiological response to cerebral hypoxia is a
global increase in CBF. Unlike the hyperoxia and hyper-
capnia studies in which either O, or CBF was indepen-
dently modulated, both O, and CBF changed simulta-
neously under hypoxia. Under hypoxic conditions, CBF
increased exponentially, starting at ~60 mm Hg paO,. The
average CBF increase was ~55% when the paO, reached
30—40 mm Hg under 1% isoflurane. The degree of CBF
increase is dependent on the severity of the hypoxia, spe-
cies, tissue types, basal CBF, and the level and type of
anesthesia (1). Hypoxia-induced CBF increases had been
reported to range from 25~90% in awake rats exposed to
10% oxygen (28), ~80% in choral-hydrate anesthetized
rats with a paO, of 49 mm Hg (39), to 200-250% in
halothane-anesthetized sheep with a paO, of 40 mm Hg
(40). Following graded hypoxia under 1% isoflurane, the
interstitial [O,] decreased monotonically and then leveled
off as the paO, was further reduced from 60 to 30 mm Hg,
suggesting that the hypoxia-induced CBF increase was
effective to some extent in compensating for the reduced
pa0,. The critical piO, was estimated to be <15 mm Hg or
<0.20 mM. Since the piO, was ~15 mm Hg under hypoxia
(1% isoflurane) with increased CBF compensation and the
fractional increase of piO, was half that of CBF, the piO,
under hypoxia without CBF compensation was estimated
to be ~10 mm Hg.

It is interesting that the interstitial oxygen partial pres-
sure in mm Hg decreased monotonically with graded hyp-
oxia, while the interstitial oxygen concentration in mM
leveled off. This is not at all surprising because the oxygen
unloading of hemoglobin is particularly effective in the
hypoxic paO, range of 30—40 mm Hg. In this paO, range,
the rapidly changing portion of the sigmoidal saturation
curve yields a disproportionally large unloading of oxygen
concentration for a small change in arterial oxygen partial
pressure. Therefore, plotting the interstitial oxygen con-
centration against the arterial oxygen concentration yielded a
leveling-off effect, while plotting piO, against paO, in a par-
tial pressure unit shows a monotonic decrease.

Anesthesia Dependence

With regard to the effect of different types of anesthesia on
the interstitial oxygen tension, a difference in piO, under



Effect of Hypoxia, Hyperoxia, and Hypercapnia

isoflurane and halothane anesthesia was observed. For
example, at 100 mm Hg paO, the piO, was ~25 mm Hg
under halothane anesthesia and ~50 mm Hg under isoflu-
rane anesthesia. Though it is possible that small system-
atic errors could arise from experiments performed at dif-
ferent fields and on different rat groups, these data suggest
that anesthesia has a significant effect on the cerebrovas-
cular physiology and oxygen delivery to the tissue. The
fact that the cerebral piO, under isoflurane was higher
than that under halothane is consistent with our observa-
tions that CBF (and thus piO,) is higher under isoflurane
than under halothane (which is in turn higher than under
a-chloralose). It is possible that different types of anesthe-
sia have different effects on the CBF regulation, resulting
in a different amount of pO, delivered to the interstitial
space. It is also possible that different types of anesthesia
have different effects on the basal O, metabolism and thus
affect the pi0,. Furthermore, piO, measurements under
different anesthesia in the same animals should be helpful
in evaluating the effect of anesthesia on oxygen delivery
across the BBB and into the brain tissue.

With regard to the effect of different levels of the same
anesthesia (1% vs. 2% isoflurane), no significant difference
in piO, was observed under non-hypoxic conditions. How-
ever, the cerebrovascular response to hypoxia at a high dose
(2%) of isoflurane was impaired, as indicated by the absence
of the hypoxia-induced CBF increase. This could be associ-
ated with the dramatic drop in mean arterial blood pressure.
It would be interesting to investigate whether the hypoxia-
induced CBF response is present under ~2% isoflurane if the
mean arterial blood pressure were actively maintained
within normal physiological ranges (i.e., by administration of
an intravascular hyperosmotic agent). Since the end-tidal
CO, was also reduced under heavy anesthesia, these data
indicated that cerebral metabolism associated with hypoxia
was also markedly reduced. Without a hypoxia-induced CBF
increase, it is therefore not surprising that the piO, in rats
under 2% isoflurane was not compensated following graded
hypoxia. These results could have strong implications in the
clinical settings in which hypoxia occurs in anesthetized
patients.

CONCLUSIONS

We demonstrated that the compartment-specific interstitial/
ventricular oxygen tension in the rat brain could be mea-
sured in a serial and relatively noninvasive manner using
MR. We further employed this methodology, in conjunction
with CBF and blood-gas measurements, to investigate the
couplings among CBF, vascular, and interstitial oxygen ten-
sion under hyperoxic, hypercapnic, and hypoxic conditions.
This methodology could prove useful in investigating the
dynamic coupling between CBF and interstitial oxygen ten-
sion changes associated with increased neuronal activity and
cerebral pathophysiology in animal models.
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