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ABSTRACT

Brain function depends exquisitely on oxygen for energy metabolism. Measurements of brain tissue oxygen
tension, by a variety of quantitative and qualitative techniques, going back for >50 years, have led to a num-
ber of significant conclusions. These conclusions have important consequences for understanding brain phys-
iology as it is now being explored by techniques such as blood-oxygen-level-dependent functional magnetic
resonance imaging (BOLD fMRI) and near-infrared spectroscopy (NIRS). It has been known for some time
that most of the measured oxygen tensions are less than venous pO, and are distributed in a spatially and
temporally heterogeneous manner on a microregional scale. Although certain large-scale methods can pro-
vide reproducible average brain pO, measurements, no useful concept of a characteristic oxygen tension or
meaningful average value for brain tissue oxygen can be known on a microregional level. Only an oxygen
field exists with large local gradients due to local tissue respiration, and the most useful way to express this
is with a pO, distribution curve or histogram. The neurons of the brain cortex normally exist in a low-oxy-
gen environment and on activation are oxygenated by increases in local capillary blood flow that lead to in-

creases in hemoglobin saturation and tissue oxygen. Antioxid. Redox Signal. 9, 1207-1219.

INTRODUCTION

OXYGEN IS AN ESSENTIAL NUTRIENT. Because of its reactive
nature, oxygen is useful as an electron acceptor during
energy metabolism, but it is also a potent toxin. This duality
means that for all tissues, risks are involved if oxygen levels
become too high or too low and, thus, a range of oxygen con-
centrations exists that is optimal to support effective function.
Effective mechanisms regulate oxygen tension in tissues.
Advanced organisms extract oxygen from the surroundings
for distribution to tissues and cells to serve as the final electron
acceptor during mitochondrial oxidative phosphorylation and
also as a participant in other biochemical reactions. These pro-
cesses have been evolutionarily conserved through the devel-
opment of advanced multilevel systems, which tightly maintain
oxygen homeostasis within narrow physiologic ranges in vari-
ous tissues and cells (1). The range of optimal oxygen concen-
trations in the mammalian brain has not been fully appreciated
or determined, primarily because the tools and techniques for

quantitative oxygen measurements in the awake, normally func-
tioning brain have been limited, mostly by the need for nonin-
vasiveness. In addition, both temporal and spatial hetero-
geneities at the microregional level require adequate response
time and signal localization in whatever methods are used. Nev-
ertheless, that an optimal range exists is undoubted. In the face
of imposed increases or decreases of oxygen, specific conse-
quences and adapting mechanisms are triggered. The mam-
malian brain is a highly aerobic organ with very small energy
stores, making neuronal activity and energy metabolism greatly
dependent on constant oxygen and glucose delivery. It should
not be surprising, therefore, that neuronal activity, blood flow,
glucose consumption, and capillary density are all tightly cor-
related. Extreme decreases in oxygen availability cannot be tol-
erated for long periods because the energy supplied from anaer-
obic glycolysis is insufficient to maintain viability (1).
Oxygen is required for the production of reactive oxygen
species, which contribute to physiologic processes such as the
regulation of cerebral blood flow. Reactive oxygen species also
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play a role in mediating cellular damage after ischemia and
other insults (18). Excessive amounts of oxygen increase the
risk of cell injury through oxidative stress. Neurons are espe-
cially vulnerable to the deleterious effects of reactive oxygen
species because they have limited capacity, if any, for cell di-
vision or regeneration.

Thus, elaborate oxygen-sensing mechanisms are present in
mammals to regulate oxygen homeostasis tightly in the CNS to
minimize the risk of metabolic compromise or excessive ox-
idative stress. With the brain receiving 15-20% of the total car-
diac output and accounting for 20% of the total body metabo-
lism (although only constituting ~2% of total body weight), it
is well known that oxygen deprivation during severe hypoxia
and ischemia leads to energy failure and neuronal death. There-
fore, an important question to consider is the critical oxygen-
tension level at which homeostasis for cellular energetics be-
gins to fail.

Historically it has been difficult to evaluate brain oxygen ten-
sion in vivo and even more difficult to assess in conscious
unanesthetized animals or humans or both. Strides have been
made over the last half century to improve methods for as-
sessing brain oxygen tension in vivo. We review the methods
that have been used for quantitative estimates of brain tissue
oxygen concentration and discuss the implications of spatial and
temporal heterogeneity of microregional oxygen tension in the
brain.

QUANTITATIVE METHODS

Measurements of oxygen have been made by methods that
take advantage of the chemical and physical characteristics spe-
cific to oxygen (Table 1). These methods fall into the categories
of polarography, optical, electron paramagnetic resonance
(EPR), nuclear magnetic resonance (NMR), positron emission
tomography (PET), and mass spectrometric. Indirect signals of
oxygen concentration also are used, including hemoglobin sat-
uration, cytochrome oxidase redox state, and NADH redox
state. None of these singly at present provides all the data
needed to delineate fully the in vivo distribution of oxygen in
brain. The methods vary in terms of their ease of use, expense,
invasiveness, sensitivity, and resolution (spatial and temporal).

Polarography

Most of the existing brain tissue pO, data were generated
with polarographic microelectrodes. Polarography involves the
reduction of oxygen at the surface of a noble metal under the
influence of negative polarizing voltage. The methodologic
background has been described in detail by Vanderkooi (97).
The polarographic electrode usually consists of a membrane-
covered cathode where oxygen is reduced and a nearby or in-
tegral reference electrode. In this system, the cathode transfers
electrons to oxygen, producing a current proportional to the
concentration of oxygen adjacent to the electrode and the re-
active surface of the electrode.

In the early 1940s, Davies and Brink (4) showed that oxy-
gen-measuring polarographic electrodes could be used in ani-
mals to obtain reliable and repeatable data. They used 25-um-
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diameter, recessed-tip, glass-covered platinum electrodes. They
also compared the data from these electrodes with those from
small, open-tip electrodes, which were much faster responding
but could not be quantitatively calibrated. It was not until the
reports by Davies and Bronk (15) that quantitative measure-
ments were first reported. Almost all of the oxygen tensions
recorded by these investigators, from anesthetized cat cortex,
were below the oxygen tensions they found in the surface veins.
The tissue oxygen tensions characteristically varied from 2 to
10 torr, which variation they attributed to the differences in cap-
illary proximity. They concluded that “many cortical locations
have oxygen tension values nearly low enough to cause meta-
bolic impairment.” They also reported the observation that the
measured oxygen tension decreased to a plateau that did not
reach zero oxygen during anoxic exposure. This ‘“nonzero”
value could have been due to a limitation of the electrodes or
a small residual amount of oxygen remaining present (reduced
oxygen consumption).

In the 1950s, Clark (10) enhanced the performance and con-
sistency of electrodes for use in biologic fluids and tissues by
electrically insulating the anode and cathode with a gas-per-
meable, but not liquid-permeable, membrane. This provided a
more stable environment for the electrode reaction and more
closely defined the diffusion conditions to that surface. The ap-
plication of the membrane prevented the reduction of other mol-
ecules in the medium and reduced the sensitivity to fluid mo-
tion in the areas immediately adjacent to the electrode. These
electrodes could be used for long-term implantation in animals
(up to 2 years). Clark, however, declined to state his results in
calibrated units, preferring to report his data in the actual mi-
croampere currents that were measured, with the reasoning that
determining the relation between the oxygen tension and the
oxygen “activity” was not easily done. He did show that tissue
oxygen could be increased by ventilation with 100% oxygen
and decreased with hypoxic gas mixtures.

Clark described the mean oxygen availability (aO,) and that
it increased about twofold when pure oxygen was breathed, with
a proportionate increase in the amplitude of the waves. Oxy-
gen/nitrogen mixtures with O, between 0 and 20% showed a
linear relation between aO, and pO,. Oxygen concentrations
between 20 and 100% produced a saturation effect that resulted
in slope decreases. Administration of pure nitrogen caused an
immediate decrease to near zero, which usually increased above
baseline for =5 min after the readmission of air due to a hy-
peremic overshoot, which is the increase of cerebral circulation
that follows hypoxia or short periods of anoxia. Exposure to a
5% CO,/95% O, mix caused a significant increase in brain tis-
sue pO; (up to threefold) over that resulting from inspiring pure
oxygen. This effect was even more pronounced with higher CO,
concentrations, such as 10 and 14%. After exposure to higher
concentrations of CO,, the a0, was slow in returning to base-
line levels. Only slight alterations were observed with certain
pharmacologic agents, such as anesthetics and pressor agents,
but these responses appeared to parallel changes in CO, ten-
sion.

Clark also examined other species and made comparisons.
Dog, guinea pig, and rat brain had very similar aO, to that of
the cat.

Hyperventilation sufficient to reduce blood CO, and increase
blood pH caused a decrease in mean aO,. Hyperventilation with
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oxygen (blood pH 7.85) reduced the aO,, but hyperventilation
with 5% CO,/95% O, (pH 7.43) increased the a0, above base-
line values (normal oxygen).

Smaller electrodes usually have shorter response times be-
cause of a shorter diffusion path. Electrodes with thick mem-
branes may have response times of several minutes, but this can
be of benefit when stability is necessary in environments where
oxygen changes occur slowly. By the end of the 1950s,
the Beckman Instrument Company developed a miniaturized
Clark-type electrode (the size of a 20 g needle) and amplifier
(Beckman/Spinco model 160), which could be used for in vivo
preparations. Sugioka and Davis (92) applied it to the pento-
barbital-anesthetized dog cerebral cortex and reported normal
tissue pO, values of 8-20 torr. They also confirmed the obser-
vation that hyperventilation caused decreases in tissue pO,.

Ingvar et al. (1960), using “Clark type” recessed electrodes,
observed that naked electrodes tend to be unstable because of
the changing catalytic activity of the platinum surface (11, 29).
In these experiments, they studied the influence of hypoxia and
hyperoxia on oxygen tension in the cortical surface of the cat
brain. It was found that, depending on the preceding state of
oxygen supply, oxygen breathing leads to different effects on
the cortical pO;, levels. In posthypoxic hyperoxia, the cortical
pO; levels reached much higher levels than in ordinary hyper-
oxia (2-3 times higher). The difference was explained as being
due to “reactive hyperemia.” This group also showed, by ex-
perimentation and calculation, that the surface pO, recorded by
such large electrodes (4-mm-diameter active area) did not re-
flect average tissue pO,, but was closer to venous oxygen ten-
sion in the anesthetized dog (25).

In 1962, Cross and Silver (13) conducted an extensive study
that examined oxygen tensions in various regions of the lightly
anesthetized cat brain. These were the first investigators to use
1-um glass-enclosed coated electrodes that were capable of
making accurate local pO, measurements. An extensive de-
scription of the electrode construction and calibration has been
provided (90). They observed an average oxygen tension level
of 13 torr in grey matter, with lower levels recorded in white
matter and higher levels in cerebral ventricles. The range of
oxygen tensions recorded in the cortex was 10-30 torr. Minor
and major variations of this tension were seen as the electrode
moved down from the cortical surface. The changes in oxygen
tensions were reproducible by reversing the progression and
raising the electrode back up the same track.

The authors observed fairly high values for other subcortical
regions but very low tensions in white matter, such as ventral
medullary lamina of the thalamus (<1 torr). Sections were ex-
amined from the forebrains of rabbits that had been injected
with India ink, which confirmed that the large white-matter
tracts were poorly vascularized. The cortex and subcortical nu-
clei displayed a much greater, although variable density of cap-
illaries (13).

In addition to oxygen-tension changes associated with dif-
ferent regions, many minor fluctuations were also recorded in
localized areas (intervals of 10-50 wm) that could not be to-
tally explained or accounted for through anatomic reconstruc-
tions. The fluctuations were reproducible and at times were as
high as fourfold. The authors noted that this was potentially due
to the tip of the electrode grazing small blood vessels as it
passed through the tissue.
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The greatest increases in oxygen tension were usually in sites
where initial tension was high (e.g., cortex, ventricles, dien-
cephalon). Sites of low tension (white matter) had smaller in-
creases. Regions with relatively high resting oxygen tension
also showed greater decreases when hypoxic mixtures were in-
haled (mixtures of nitrogen/nitrous oxide). Twenty seconds of
nitrogen/nitrous exposure reduced oxygen tension to almost
zero, and these reductions in oxygen tensions were usually fol-
lowed by an overshoot when room air was restored.

Cross and Silver (13) also showed that hypercapnia (80%
CO3y, 20% O,) resulted in an increase in oxygen tension that
usually exceeded the response after breathing pure oxygen. This
was dependent on oxygen being in the mixture, because when
pure CO, was inhaled, a decrease in oxygen tension was ob-
served (anoxic conditions). In other organs, such as skin, hy-
percapnia produces vasoconstriction and subsequent decrease
in pO,.

Intravenous administration of 1-10 wg of adrenaline in-
creased oxygen tension in the forebrain (by 20%) and reduced
tension in the skin, testis, and mammary gland. The effect lasted
2-3 times longer in the periphery than in the brain. Electrical
stimulation of the lateral or posterior hypothalamus, known to
activate the adrenal medulla, produced similar increases in oxy-
gen tension in the forebrain and reduction in the other organs.
Section of the cervical sympathetic nerves did not affect basal
oxygen tension in the forebrain, but nerve stimulation produced
an ipsilateral reduction in forebrain oxygen tension (=50%),
attributed to sympathetic-induced vasoconstriction.

Metzger (64) also used polarographic microelectrode mea-
surements to examine the time course of pO, transients in the
frontal and occipital cortices of the rat after abrupt changes of
inspiratory O, and CO; concentration. The microelectrode mea-
surements obtained confirmed results based on blood-gas data.
The oxygen tension recorded during normoxia supported pre-
vious studies with values <20 torr (range, 10-20). The study
showed that hypercapnia resulted in an increase in oxygen ten-
sion in all locations, whereas hyperoxia caused increased tis-
sue pO, only near the arterial ends of capillaries. Their results
also confirmed findings of previous studies that hypercapnia is
more effective in increasing tissue pO, in the brain than is hy-
peroxia. They also suggested that tissue pO, fluctuation (or os-
cillation) after severe hypoxia represents the delayed vasocon-
striction of brain vessels.

Nair ez al. (66) used smaller microelectrodes than previous
microelectrode studies to observe oxygen tensions in the cere-
bral cortex of anesthetized and artificially ventilated cats. They
observed >600 different locations with an oxygen-tension
range from O to 99 mm Hg and a mean value of 38.7 * 0.93
(SEM) torr. Interindividual variation in the mean pO, ranged
from 18.8 to 60.4 among the various numbers of locations. Un-
der anoxic conditions, tissue pO, decreased to zero in most of
the 45 locations tested (30 of 45). In four of the 45 measure-
ments, pO, decreased to 1-3 mm Hg. Of the remaining 11 mea-
surements in which the pO, value did not go down to zero or
close to it, seven were from one cat that was relatively hy-
pothermic. In two of the cats (two of nine), tissue pO, during
N, breathing remained above zero (as high as 27 mm Hg in one
trial) in eight of the 10 locations tested. The authors had no ex-
planation for these observations. When the animals were re-
turned to room air, the pO, generally displayed an overshoot
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before returning to the control value. Ventilation with 100% O,
caused an increase in tissue pO; in 22 of 29 locations, and when
room air was returned, values returned to control values in a
few minutes. The higher the initial control pO,, the greater the
increase in pO, during the hyperoxic event. The authors con-
cluded that the high pO; and increased responsiveness were po-
tentially due to close proximity of the microelectrode to blood
vessels. This result could have also been due to higher mi-
crovascular density. They also concluded that the variation from
the norm in the other seven was due to the “vasoconstrictive
action of oxygen on the vessels.”

Leniger-Follert et al. (48) observed local tissue oxygen pres-
sure at adjacent sites of the cat cerebral cortex with a platinum
multiwire surface electrode. Measurements were made under
steady-state conditions and with different arterial oxygen sup-
ply. Under normoxic and steady-state conditions, tissue oxygen
measurements were made that varied from O torr to levels close
to arterial pO,. Under normoxic conditions, different tissue pO,
values at adjacent sites were expected because of the diffusive
transport of oxygen, causing an oxygen-pressure field in the tis-
sue. The authors also noticed rhythmic variations in pO,, as did
previous studies. Adjacent recording sites (within 350-600 wm
apart) responded very differently to increased arterial oxygen
supply. The responses ranged from linear responses on par with
arterial pO, to small increases and decreases (constant values
were also recorded). It was concluded that these local differ-
ences were due to local regulation of microflow, but differences
in oxygen consumption could not be excluded. This local reg-
ulation of pO, was eliminated by adding CO, to the gas mix-
ture or by producing tissue anoxia. In these cases, local pO, de-
creased to hypoxic or anoxic levels at all sites measured.

Mild (in retrospect) controversies occupied the experi-
mentalists of the early 1970s. The controversies centered
around calibration-accuracy issues, physiologic and instru-
mental response times, and as has been alluded to, whether
nitrogen-induced anoxia resulted in a decrease to zero in cere-
bral cortical pO, or whether some residual tissue oxygen
could remain (i.e., that oxygen consumption ceased before
tissue oxygen was completely gone). In contrast to the pre-
ceding studies, Bicher et al. (5, 6) reported that respiration
with nitrogen reduced tissue pO, slightly after a 30-s latency
period, which then remained relatively constant despite a very
low, near-zero arterial O,. One key difference between the
studies is the fact that the recordings of Bicher et al. were
made with needle electrodes from deep layers of the cat cor-
tex, whereas other groups usually recorded from layers closer
to or at the surface.

The weight of the evidence produced from these early stud-
ies is clearly supportive of the conclusion that tissue pO; is
lower than venous pO, and that changes in tissue oxygen con-
centration reflect changes in blood-oxygen content and brain
blood flow in a predictable and consistent manner.

Sick and Kreisman (37, 88) used coated, glass-enclosed plat-
inum microelecrodes with integral reference electrodes, and
with the added innovation of a feedback-controlled polarization
circuit that effectively controlled changes in intrinsic brain elec-
trical-potential changes as a result of neuronal activity. This
was important because the microelectrodes used in brain-tissue
studies have no real plateau region in the I-V curve, so even
small changes in voltage could result in non—oxygen-dependent
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changes in current. Using these microelectrodes, we confirmed,
in the anesthetized rat cerebral cortex, the dependence of tissue
pO, on oxygen availability (38, 8§9). We also demonstrated that
increasing local blood flow with the carbonic anhydrase inhib-
itor, acetazolamide, transiently increased cortical pO, (42). The
results are demonstrated in Fig. 1. The figure shows the re-
sponse of four individual rats, anesthetized with chloral hydrate,
to intravenous administration of acetazolamide, 50 mg/kg. Note
the spread of starting pO; in the rats and the differences in mag-
nitude of the responses. This dose of acetazolamide resulted in
doubling of the cerebral blood flow, lasting >1 h, as demon-
strated in a parallel series of rats studied at the same time (42).

Contamination of the electrode surface has long been recog-
nized as a major source of potential error in quantitation of the
oxygen signal. Some attempts have been made to protect the
active surface of the electrode from the tissue without restrict-
ing access to tissue oxygen. One interesting approach was to
use a perforated capsule, with a Beckman/Spinco electrode sys-
tem, that was permanently implanted into the brain and was in-
vaded by the tissue and vascularized over a 4-week period (32).
These investigators reported oxygen partial pressures of 15.8 =
1.0 torr in the parietal cortex of five pentobarbital-anesthetized
dogs. A more recent attempt was made by Prohaska et al. (75,
76), who designed an electrode using thin film technology in
which the dimensions and polarization of the electrode were
controlled by virtue of a box structure over the surface. Volt-
age and temperature sensors were included on the substrate. In
our hands, these electrodes provided data consistent with the
previous literature (43, 44).

Other limitations of O, electrodes must also be taken into ac-
count. First, the consumption of oxygen has the potential to al-
ter the local environment, which can be very important when
making measurements with small samples. Differences between
probes and performance change with time, and, therefore, cal-
ibration is needed often. Some electrodes cannot be calibrated
properly for use in tissue; thus, they can provide only qualita-
tive data (so the term “oxygen availability” has been used also
to describe changes in relative oxygen tension). Oxygen probes
are subject to electromagnetic interference from radiofrequency
signals, alternating line currents, capacitance effects, efc. Some
electrodes can be affected by certain substances like nitrous ox-
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FIG. 1. Effect of acetazolamide (50 mg/kg, i.v.) on brain-tis-
sue oxygen tension in four anesthetized rats. Previously un-
published data taken from (42).
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ide and halogenated anesthetic gases (84). Persistently high pO,
and a lack of responsiveness of the electrode to changes in cir-
culating blood oxygenation may indicate the presence of a small
hematoma in long-term implantation models (97). Electrodes
are also spatially limited, so to measure a distribution, multiple
probe assemblies for simultaneous measurement (48) or multi-
ple sequential electrode repositionings (89) or both would be
required.

Summary. The polarographic method is responsible
for most of the quantitative measurements of brain oxygen
tension in vivo. Over the past 50-year period, the method has
established a number of major findings, among which are the
observations that brain-tissue oxygen partial pressures are
less than venous pO,, and that the brain-tissue oxygen pres-
sures are dependent on arterial pO, and cerebral blood flow.
The method has been well worked out, and the sources of er-
ror are fairly well known. Two disadvantages include the
electrode providing only point measurements and invasive-
ness, in that it is difficult to use in the nonanesthetized state.
The method is being superseded by optical and EPR meth-
ods, primarily because of the ability of these techniques to
provide images.

OPTICAL TECHNIQUES

The optical methods of oxygen detection are based on the
property of oxygen to participate or facilitate in the transition
from higher-energy states of optically active molecules to
lower-energy states, thus interfering with or quenching the flu-
orescent or phosphorescent emission of photons in an oxygen
concentration—dependent manner (33). The relation between the
oxygen concentration and fluorescence/phosphorescence signal
from the indicator is given by the Stern-Vollmer equation:

I=1/(1 + K- p0O,)

where I is the fluorescent intensity in the absence of oxygen,
I is the fluorescence at any given O, concentration, and K is
the quenching coefficient. The quenching constant can be fur-
ther described by

K:k+~a02-7'0

where k+ is the collisional constant, ®O; is the oxygen solu-
bility coefficient, and 7y is the mean lifetime of the excited state
at zero oxygen. The relation holds for lifetime as well as in-
tensity (97).

Fluorescence

Mitnick and Jobsis (65) used the fluorescent probe, pyrene
butyric acid (PBA), to measure the pO, from the surface of the
cat brain (65), reporting a fairly high mean level >40 torr. The
probe was given intravenously and penetrated the tissue paren-
chyma. The cats were prepared as cerveau isole preparations,
and the fluorescence signal was recorded from a 3.2-mm-di-
ameter field on the cerebral cortex.
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The applicability of PBA to biologic systems was first re-
ported by Vaughan and Weber (99), who showed that PBA
could be excited with near-ultraviolet irradiation to produce a
fluorescence emission that was shown to be quenched by oxy-
gen over a 0- to 500-mm Hg pO; range. Knopp and Longmuir
(36) demonstrated that PBA quickly entered cells, in this case
liver cells, and did not cause any noticeable decline in oxygen
consumption (36). Some advantages of using PBA include the
fluorochrome being nontoxic, noninvasive, and non—oxygen
consumptive. Correction for hemoglobin absorption in the op-
tical field was made by subtraction of the reflected excitation
light signal (340 nm) from the emitted fluorescence signal (397
nm).

Lubbers (60, 72) used PBA in the design of an “optode” for
in vivo measurements of tissue oxygen tension. These optodes
had obvious advantages over the systemic administration of the
indicator in terms of toxicity, stability, and localization. These
optodes were also considered superior to polarographic elec-
trodes in the sense that they do not have the signal distortions
due to a remote reference electrode, they do not alter the oxy-
gen pressure field by consuming oxygen, and they are more sta-
ble in the tissue environment. These probes, however, are rather
large compared with the smallest polarographic electrodes and
thus do not have the same spatial-resolution capability.

Luminescence/phosphoresence

Luminescent material can be placed in a plastic oxygen-per-
meable material or trapped at the bottom end of an optical fiber
to make useful optodes. The most commonly used and studied
compounds in optodes are based on ruthenium red. The ruthe-
nium molecules absorb photons of light, and the electrons are
energized, moving from the ground state to an excited singlet
state. The commercially available Oxylite system (Oxford Op-
tronics, Ltd., Oxford, England) is a current method available
for use to measure brain oxygen tensions.

Nwaigwe et al. (67) used the Oxylite probe to compare tis-
sue pO, in thalamus and hypothalamus, reporting mean levels
of just under 30 torr in the thalamus and much lower levels,
<10 torr, in the hypothalamus (67). The probe was 250 um in
diameter, and temperature sensitive (~1 torr/°C).

Wilson et al. (103), using the porphyrin phosphores-
cence—based method described by Rumsey et al. (83), reported
cerebral cortical pO; levels of ~20 torr in newborn piglets un-
der fentanyl and nitrous oxide. In another study, they reported
a mean pO, of ~32 torr (93). The probe used in the study was
designed to remain in the vasculature. This method would seem
to be ideal for reporting the oxygen distribution in the cerebral
cortex, but these investigators have not yet done this, only re-
porting mean values for cortical oxygen.

Summary.  Fluorescence is not being pursued, mainly be-
cause the intensity measurement is subject to interference by
hemoglobin saturation and volume changes. Measuring the de-
cay time would help this, but it is very fast for fluorescence and
phosphorescence, which may present another problem. Phos-
phorescence currently involves just the vascular space, but per-
meable indicators are possible and may be in development. The
ability to visualize the parenchymal spatial distribution is a
powerful asset, but has not yet been exploited.
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EPR OXIMETRY

Electron paramagnetic resonance, or EPR (also known as
electron spin resonance, ESR), is another method that has been
adapted for measuring brain oxygen tension in vivo (18, 51).
This method measures oxygen by examining its effect on a spin
probe, most commonly lithium phthalocyanine (LiPc) (18), us-
ing an EPR spectrometer adapted for in vivo use. One or more
LiPc crystals are inserted into the brain of the animal subject a
few days before the study. The crystals are essentially inert and
do not cause damage or an injury response. Measurements from
multiple sites can be made by adding a field gradient (18), al-
lowing as many as 35 different measurements from a single 1-
cm-diameter sphere of tissue (27). The animal can be studied
under awake or anesthetized conditions, and multiple measure-
ments spread over many days can be made. LiPc crystals are
highly sensitive at low PtO, tensions, respond rapidly, have sta-
ble calibration, and are not affected by changes in pH or redox
conditions (51, 80). Recordings made with EPR oximetry are
from deeper locations in the cortex than those assayed by sur-
face fluorescence/phosphorescence. Brain-tissue oxygen ten-
sion measured with this method has been reported between 25
torr (17) and 35 torr (50) in the awake rat.

EPR oximetry can also be carried out with the use of solu-
ble materials such as nitroxides, which can be designed to tar-
get specific environments and compartments within a cell (97).
These soluble materials can supply signals over large regions,
but the probe is lost rapidly in the body (97). These soluble
probes can be used for imaging (54), but the temporal and spa-
tial resolution is still crude.

Summary

EPR methods have great promise for accurate, reproducible,
and noninvasive measurement of brain oxygen. Current spatial
resolution is not able to resolve functional units.

MASS SPECTROMETRY

Molecular oxygen can be identified and measured quantita-
tively by mass spectrometry. In 1969, Owens et al. (73) adapted
a mass spectrometry probe used for blood-gas analysis for use
in brain. They inserted a Teflon-tipped 1-cm-long, 1-mm-di-
ameter cannula into the cerebral hemisphere of dogs under pen-
tobarbital anesthesia. The cannula was attached to a mass spec-
trometer via a copper tube. This method was used in a series
of human patients undergoing neurosurgical procedures, and
cerebral cortical tissue pO, was reported to range between 12
and 49 torr (79).

Seylaz et al. (86, 87) developed a mass spectrograph tech-
nique for in vivo measurement of physiologic gas partial pres-
sures in local regions of the rabbit brain. This technique con-
sists of sampling and analyzing certain quantities of gas in the
medium under study. In the past, difficulties arose in the de-
velopment of miniature sampling cannulas for minimal inter-
ruption of gas equilibrium during the actual withdrawal. They
reported being able to obtain simultaneous, continuous, and lo-
cal measurements of blood flow and physiologic gas partial
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pressures using a single probe permanently implanted in deep-
brain structures. The purpose of this was to obtain more pre-
cise information on the metabolic mechanisms involved in the
regulation of the cerebral circulation. The authors mention the
fact that cerebral oxygen tension is dependent on both vascu-
lar and metabolic states, so continuous measurement of pO,
provides assurance that a steady state exists during the period
of CBF determination. In these studies, the mean partial pres-
sure of oxygen was 16.9 = 1.6 mm Hg (SEM) in the caudate
nucleus of 13 rabbits. Variability existed between the 13 rab-
bits, with values ranging from 6.3 to 26.0 mm Hg. These probes
were calibrated in vitro before permanent implantation into the
brain. Measurements were carried out for =2 weeks after im-
plantation to allow resorption of any edema or inflammation or
both that may have occurred.

Summary

The invasiveness and the time response make mass spec-
trometry less attractive as a method, especially in the face of
better options.

QUALITATIVE METHODS

NMR/MRI

Fiat et al. (23, 74) conducted an in vivo 'O NMR study to
observe the cerebral H,!7O concentration during inhalation of
170,. This was done after a similar in vitro study showed that
oxygen-17 could be used as a tracer in the study of cerebral
oxygen utilization. The study used '7O-NMR spectroscopy to
detect metabolic water produced in rats after administration of
oxygen-17. This technique has been recently reviewed (105).
Like PET, this technique may be more useful for measurement
of CMRO; rather than the oxygen tension itself. Thus, they pro-
vide information from the utilization side of the ledger rather
than the supply side.

"H-NMR was also used to show that in vivo changes occurred
in image intensity in the brains of rats that inhaled oxygen-17
gas (2). Because water is the predominant end product of the
metabolism of oxygen in the brain, this approach has been used
to measure cerebral oxygen consumption (CMRO,).

The average values of cortical CBF and CMRO, for four
control rats were calculated using the Kety-Schmidt approach
and were 1.4 = 0.5 ml/min/g and 3.6 = 0.4 mmol/min/kg brain,
respectively. They observed that the brain H,'’O concentration
surpassed the predicted concentration from cerebral metabolism
and did not plateau after 10 min of breathing '’0O,. The expla-
nation was that most of this increase is primarily due to recir-
culation from other bodily organs, rather than direct oxygen
metabolism in the brain.

NMR has been used with perfluorocarbons to measure pO,,
and maps have been made (20). The pO, of the emulsion is
very high, so this is not useful as a quantitative tissue-oxygen
indicator. The resultant histogram is more bell-shaped and cen-
tered ~250 torr. A modification with injected perfluorocarbon
directly into the tissue has been done (19).

In vivo changes in blood oxygenation could be detected with
MR, first in rats (70), and then in humans (41, 71). The MRI
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signal became known as the blood-oxygen-level-dependent or
BOLD signal. Human studies showing BOLD signal changes
led to the development of fMRI. When a BOLD signal is ob-
served/generated, blood flow to that particular region of the
brain has changed out of proportion to the adjustment in oxy-
gen consumption (34, 35). When blood flow changes more than
oxygen consumption (in either direction), a mutual change is
noted in the amount of deoxyhemoglobin present locally in the
tissue, changing the local magnetic field properties. In general,
the method for detection involves MRI with pulse sequences
that are very responsive to the paramagnetism related to the de-
oxy state of hemoglobin (77, 78).

Summary. The BOLD fMRI method has much promise
for human cognitive function studies, as well as for diagnosis
and treatment assessment for cerebrovascular disease.

Positron emission tomography

Raichle (77) discussed functional brain imaging by PET and
MRI. PET detects °O (94, 95). Like '®0 mass spectrometry
studies (26), PET detection of 13O can be used to calculate oxy-
gen consumption, but not pO,.

Optical methods: in vivo optical spectroscopy

The color shifts that hemoglobin undergoes in the presence of
oxygen have been used to measure hemoglobin saturation and,
with a calibrated hemoglobin/oxygen saturation curve, can be
used to estimate the pO, of blood. Changes in hemoglobin sat-
uration in the cerebral cortical capillary bed in response to
changes in FiO, and CO, were made in the visible spectrum with
a reflectance spectrophotometer from the surface of cat, rabbit,
and rat brain (31, 49, 82), but these were qualitative studies. Imag-
ing of hemoglobin as an intrinsic signal has also been useful (24).

When Jobsis (30) introduced the near infrared spectroscopy
(NIRS) method in 1977, it soon became possible to make more
quantitative estimates of tissue hemoglobin saturation (8, 16,
22). The NIRS technique is becoming more popular and is in
use clinically (62). As an imaging method, NIRS provides an
alternate to BOLD studies in attempts to understand better the
dynamic brain metabolic and vascular responses (68, 100, 101).
Despite the theoretic possibility for estimating pO, from the he-
moglobin saturation, it has not yet been done.

Summary. NMR, PET, and NIRS are mostly qualitative
methods for oxygen measurement. They do not directly give
useful descriptions of oxygen availability, but they are useful
for dynamic measurements because they have reasonable tem-
poral resolution, and repeated measurements can be made.

SPATIAL DISTRIBUTION OF OXYGEN IN
THE BRAIN: pO, HISTOGRAM

Early studies of brain oxygen noted that the oxygen tension
in the tissue varied within small distances and that most of the
measured tensions were low. Davies and Bronk (15) reported an
oxygen profile across the surface of the cat cortex using a 14-
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um-diameter open-type polarographic electrode. In the 1960s,
it was abundantly clear that oxygen was distributed heteroge-
neously in the mammalian brain (on a microregional level). The
usual interpretation for oxygen steep gradients invoked distance
from the capillary supply as the likely explanation (15, 90). Lub-
bers (57) pointed out a number of important observations con-
cerning the oxygen field in the brain. These are nicely summa-
rized in the 1969 paper presented at the International Symposium
on Oxygen Pressure Recording, held in Nijmegen in 1968. He
stated, based on Krogh concepts (39) as developed for the brain
by Thews (96), that the tissue oxygen tension at any given lo-
cus depended on the oxygen tension at the nearest capillary wall,
the local tissue respiration, the diffusion coefficient for oxygen
in the tissue, and the distance from the capillary. The oxygen-
diffusion flux caused by the tissue-respiration variations would
produce large local differences in oxygen tension. Thus, he
pointed out, no “characteristic tissue oxygen tension” or repre-
sentative average oxygen tension exists, but an oxygen-tension
field is present in the tissue. The oxygen supply to the tissue can
best be characterized by a pO, distribution curve. Investigators
who recorded enough systematic observations to construct a
meaningful frequency histogram noted that the distribution was
left-shifted, the shape reminiscent of a log normal distribution
(12, 58, 59, 66, 85, 89, 91). About two thirds of the measure-
ments are less than the mean value (91). Thus, the mean value
cannot be a good representation of the tissue oxygen field or of
oxygen supply to the tissue. This obvious conclusion is contin-
ually ignored in the current literature, where discussions of the
average brain pO, continue.

The only good, quantitative measurements of the oxygen
field so far have come from microelectrode studies. This is be-
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FIG. 2. The effect of 5 s of direct cortical electrical stimu-
lation on tissue oxygen tension and temperature at multiple
depths below the cerebral parietal cortical surface.
Reprinted with permission from (44).


http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2007.1634&iName=master.img-001.png&w=228&h=242

1214

cause the average intercapillary distance in brain is ~50-60 um
(4). It has been estimated that the oxygen-sensing field of po-
larographic microelectrodes is about 7 times the diameter (58),
so an electrode with a diameter of closer to 1 um is suitable,
but one with 10-um diameter would not be.
Oxygen-distribution curves have been recorded for cat (66),
rabbit (91), baboon (12), rat (85, 89), and guinea pig (7, 59).
These all have about the same distribution under resting con-
ditions and anesthesia, suggesting a common mammalian trait.
Qualitative and quantitative differences in regional oxygen dis-
tribution were found between the rat and turtle brains at rest
and in response to changes of inspired oxygen concentration

TABLE 1.

QUANTITATIVE ESTIMATES OF
BY DIFFERENT TECHNIQUES AND

NDUBUIZU AND LAMANNA

(89). Sick et al. (89) found that the average oxygen tensions
were similar, with values of 12.9 = 0.9 (n = 136) and 12.5 =
1.3 (n = 73) in the rat and turtle brain, respectively (89). The
peak frequency in both species was ~10 mm Hg, but the dis-
tribution of oxygen in the rat brain appeared to be left-shifted,
whereas that of the turtle appeared to be more normally dis-
tributed (89). Interestingly, in the rat brain, a higher number of
observations of tissue pO, >20 mm Hg, 31 of 136, were found
versus the turtle brain, three of 73 (89). These differences in
O, profile may be due to higher O, consumption and greater
cerebral blood flow in the rat brain (89).

Nair et al. (66) reported individual pO, histograms for nine

BRAIN TisSUE pO, PARTIAL PRESSURE
UNDER VARIOUS CONDITIONS

PtO; values Method Species Status Citation
33 =11 Polarographic Human Anesthetized Charbel, 1997 (9)
2.0-10 Polarographic Cat Anesthetized Davies & Bronk,
1957 (15)
10.0-30 Polarographic Cat Urethane (20% sol, 1 g/kg) Cross & Silver,
1962 (13)
10.0-20 Polarographic Rat Na-pentobarbital (40 mg/kg) Metzger, 1971 (64)
0-99 (avg, 38.7 = 0.9) Polarographic Cat Na-pentobarbital (3040 mg/kg) Nair, 1975 (66)
0-90 (freq max Polarographic Cat Pentobarbital (25-30 mg/kg), Leniger-Follert,
25-30) gallaminetriethiodine 1975 (48)
(paralytic, 10 mg/kg)
129 = 0.9 Polarographic Rat Na-pentobarbital (35 mg/kg), Sick, 1982 (89)
p-Tubocurarine hydrochloride
(10 mg/kg)
125 = 1.3 Polarographic Turtle Na-pentobarbital (35 mg/kg), Sick, 1982 (89)
p-Tubocurarine hydrochloride
(10 mg/kg)
233 Polarographic G. Pig Anesthetized Lubbers & Baumgarti,
1997 (59)
29 =5 Polarographic Rat Control, brief isoflurane (2%), Seyde &
pancuronium bromide Longnecker, 1986
(I mg/kg) (85)
35 27 Polarographic Rat Isoflurane (4%), pancuronium Seyde &
bromide (1 mg/kg) Longnecker, 1986
(85)
22 5 Polarographic Rat Sodium nitroprusside (3.8 Seyde &
mg/kg), pancuronium bromide Longnecker, 1986
(I mg/kg) (85)
135 Polarographic Rat 2-Chloroadenosine (0.8 mg/kg), Seyde &
pancuronium bromide Longnecker, 1986
(1 mg/kg) (85)
1-79 (avg, 23.8 = 12) Polarographic Baboon Anesthetized Crockard, 1976 (12)
16-59 (avg, 29.8) Polarographic Human Anesthetized Baker, 1975 (3)
0-90 (avg, 25) Polarographic Cat Na-pentobarbital (30—40 mg/kg) Whalen, 1970 (102)
245 = 18 Polarographic Rabbit Urethane (20% sol, 1 g/kg) Smith, 1977 (91)
184 £ 1.2 Polarographic G. Pig Na-pentobarbital (30—40 mg/kg) Buerk & Nair, 1993
(7N
28-32 Optical Rat Isoflurane (1%) Nwaigwe, 2003
(hypothalamus) (ruthenium) (67)
10-15 (thalamus) Optical Rat Isoflurane (1%) Nwaigwe, 2003
(ruthenium) 67)
323 £ 0.8 (22% Oy) Optical (Phos) Pig Halothane (3-4%) Tammela, 1996 (93)
25-35 Optical (Phos) Pig Halothane, analgesic, Wilson, 1991 (103)
tubocurarine
42.8 £ 8.6 Optical Cat Ether, cerveau isole Mitnick & Jobsis,

(Fluor, PBA)

1976 (65)

(Continued)



BRAIN TISSUE OXYGEN

TABLE 1.

1215

QUANTITATIVE ESTIMATES OF BRAIN TiSSUE pO, PARTIAL PRESSURE

BY DIFFERENT TECHNIQUES AND UNDER VARIOUS CONDITIONS (CONT’D)

PtO; values Method Species Status Citation
12.0-49 Mass Human Anesthetized Roberts & Owens,
spectrometry 1972 (79)
169 £ 1.6 Mass Rabbit Anesthetized Seylaz, 1978 (86)
spectrometry
9.0 = 2.1 EPR (LiPC) Rat Pentobarbital Hou, 2003 (28)
13.0 £ 29 EPR (LiPC) Rat Chloralose/Urethane Hou, 2003 (28)
16.5 = 0.8 EPR (LiPC) Rat Halothane Hou, 2003 (28)
38.0 £ 4.5 EPR (LiPC) Rat Isoflurane Hou, 2003 (28)
3503 EPR (LiPC) Rat Ketamine/Xylazine Hou, 2003 (28)
15.1 = 1.8 (30% O5) EPR (LiPC) Rat Ketamine (8-10 mg/100 g), Rolett, 2000 (80)
Xylazine (1.1-1.4 mg/100 g)
55 EPR (LiPC) Rat Awake Liu, 1993 (51)
45-50 EPR (LiPC) Rat Ketamine Liu, 1993 (51)
20 EPR (LiPC) Rat Nembutal Liu, 1993 (51)
341 =32 EPR (LiPC) Rat Awake Liu, 1995 (50)
20-30 EPR (LiPC) Rat Isoflurane (1%) Liu, 1995 (50)
12.0-20 EPR (LiPC) Rat Ketamine/Xylazine (100/10 Liu, 1995 (50)
mg/kg)
10.0-20 EPR (LiPC) Rat Pentobarbital (50 mg/kg) Liu, 1995 (50)
26.5 = 11 EPR (LiPC) Rat Awake Dunn, 2000 (17)
26.6 £ 7.0 EPR (LiPC) Rat Isoflurane (1%) Lei, 2001 (46)
30-35 EPR (LiPC) Rat Isoflurane (4%) Liu, 2004 (54)
31-36 EPR (LiPC) Rat Isoflurane (1.75%) in 705 Liu, 2006 (52)
Nitrous
334+ 6 EPR (LiPc) Rat Isoflurane (4%) Liu, 2004 (53)

experimental cats, and from these, the mean pO, for the cats
was created (66). The mean pO, for each cat did not correlate
with arterial pressure, pO,, pH, or body temperature. The
recorded pO, values depended on the depth at which the mea-
surement was made. On average, a linear decrease in pO, was
found from the surface of the cortex (just <70 mm Hg on av-
erage) to a depth of 500-600 um (just <35-40 mm Hg). From
700 to 1,600 uwm, pO, remained in the range of 25-35 mm Hg.
Where investigators report a relation between depth in the cor-
tex and tissue oxygen tension, the relation is always that of de-
creasing pO, with depth (13, 21, 102). Other investigators did
not observe a change in oxygen tension with depth through the
cortex (59, 90). Whether or not a surface covering makes a large
difference when recording and interpreting the data (21) is not
known. White matter has been consistently shown to have lower
oxygen tensions, as have subcortical structures such as the hip-
pocampus (13, 21).

Summary

Oxygen is heterogeneously distributed on a microregional
level and responds to increases and decreases in local avail-
ability and local metabolism. Many low levels of oxygen mean
that the environment is low oxygen.

TEMPORAL DISTRIBUTION OF O;:
DYNAMIC ACTIVATION STUDIES

The development of the BOLD fMRI method (70) and its ap-
plication to human studies of cognition (41, 71) has given new

perspective and significance to studies of transient functional
activation. The BOLD signal in response to transient focal brain
activation is under intense scrutiny, and the current state of un-
derstanding this has been recently reviewed (78). Some useful
insights can be gleaned from the oxygen-measurement litera-
ture over the past 50 years. Brief activations of cortical neu-
rons result in negative steady potential shifts on the order of a
few millivolts that are accompanied by an increase in extracel-
lular potassium ions of up to a few millimolar (55, 61). The in-
creased work stimulated by the increased neuronal activity pro-
duces an increase in oxidative metabolism that persists for many
seconds beyond the electrical and ionic transient. Such transient
metabolic responses have been observed by measurement of
NADH/NAD+ redox changes by surface fluorescence meth-
ods (55, 81). Measurements of hemoglobin saturation by opti-
cal methods have, for the most part, echoed the BOLD data,
with the consensus being that a small “initial dip” toward dis-
oxygenation occurs, followed by an arteriolarization of the lo-
cal capillary bed, resulting in a large shift to oxygenated he-
moglobin (24, 31). Direct measurements of tissue oxygen have
been more varied. The first observations were reported by
Leniger-Follert et al. (47). In that study, they simultaneously
measured microflow and local pO, to examine the kinetics of
microflow and its dependence on local pO, during electrical
stimulation of the cortex in cats (47). During local cortical stim-
ulation, the arterial blood pressure remained constant. The re-
action pattern of the microflow in response to electrical stimu-
lation was uniform at all sites measured. An increase in
microflow was seen within 1-2 s after beginning stimulation,
and this reached a maximal hyperemia after the end of stimu-
lation. The increase in microflow and maximum of hyperemia
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produced depended on the duration and amplitude of stimulus.
The return of microflow to baseline levels took =30 s and up
to several minutes, depending on the intensity of stimulation.
Usually no undershoot of microflow occurred on return to ini-
tial levels. No “dip” in tissue pO, was reported.

Metzger (63), conversely, reported that in most of the ex-
periments conducted at normoxia, a continuous pO, decrease
was seen in response to stimulation, which they interpreted as
being due to increased oxygen consumption and consequent lo-
cal hypoxia. The authors referred to a second group of experi-
ments in a subset of rats in which increases and decreases in
pO, were observed at different locations on the cortex. In a few
experiments, the pia vessels were stimulated directly, produc-
ing an initial increase in pO, followed by a decrease.

Surface phosphorescence measurements of tissue oxygen
tension during activation agreed closely with optically deter-
mined hemoglobin saturation, exhibiting a biphasic response
(98). A similar response was observed in the cerebellum linked
to microflow increases (69).

Our own study used reflection-difference spectra to demon-
strate that cytochrome oxidase becomes more oxidized in response
to direct cortical stimulation (45), confirming that a portion of the
cytochrome oxidase pool was reduced when the brain was nor-
moxic before stimulation. Tissue oxygen tension increased with
a time course that tracked the vascular change. In a later study,
we observed differential responses at different depths within the
cortex (43, 44). When the cortex was stimulated, an oxygen elec-
trode at a depth of 400 um below the surface exhibited an in-
crease in oxygen tension, whereas a simultaneous recording from
1,300 wm below the surface showed a decrease (see Fig. 2). These
results suggest that layer-specific responses to activation in the
cerebral cortex influence the measurement, perhaps in the profile
of ions such as potassium (56) or heterogeneous distributions of
cell types in the various layers or both. Thus, those techniques
that have a more superficial source will display the concomitants
of increased oxygen, and those methods that include the deeper
layers may produce oxygen and hemoglobin dips. This might cor-
respond to the activation depth profile indicated by K™ ion—se-
lective microelectrod (56).

Summary

Tissue oxygen tension can rapidly change when neuronal ac-
tivity and capillary microflow are changed. This is the basis for
the BOLD signal, and that fact means that a great need exists for
quantitative measures with good spatial and temporal resolution
(equal to BOLD). As a principle, it appears fairly robustly that
the oxygen field is kept deliberately low under idling conditions
and then is increased when the tissue is activated. Thus, the tis-
sue lives usually under low oxygen, but briefly has bouts of high
oxygen. Unit volumes and cortical columns appear to become ac-
tivated together. This also seems to take place in the cerebellum,
but we are uncertain about subcortical regions of the brain.
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ABBREVIATIONS

BOLD, Blood oxygen level dependent; CBF, cerebral blood
flow; CBV, cerebral blood volume; CMRO,, cerebral metabolic
rate of oxygen consumption; EPR, electron paramagnetic res-
onance; FiO,, fraction of inspired oxygen; fMRI, functional
MRI; Hb, hemoglobin; I-V, current—voltage (refers to curves
used to calibrate electrodes); mm Hg, millimeter of mercury
(atmospheric pressure); MR, magnetic resonance; MRI, mag-
netic resonance imaging; NAD™, nicotinamide adenine dinu-
cleotide; NADH, nicotinamide adenine dinucleotide (reduced
form); NIRS, near-infrared spectroscopy; NMR, nuclear mag-
netic resonance; a0,, mean oxygen availability; PET, positron
emission tomography; pO,, partial pressure of oxygen; torr,
same as mm Hg.
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