
MICROVASCULAR pO2 DISTRIBUTION

THE RATIONALE for the level of interstitial pO2 found in
tissues is not well understood. This level should reflect

the existence of both an appropriate gradient between the
extracellular environment and mitochondria, and a safety margin
that prevents pO2 falling below the level needed to maintain
the gradient. The moment-to-moment changes in oxygen sup-
ply and the presence of different anatomic features also sug-
gest a variability of tissue pO2. Blood microvessels conveying
arterial blood should in principle have relatively high perivas-
cular pO2. In contrast, venules should have a significantly
lower perivascular pO2, as they have a significantly lower in-
travascular pO2 because of the release of oxygen from the
blood during its transit from the arterioles because of the oxy-
gen sink created by the tissue’s metabolic rate. These features
suggest the presence of an intravascular and extravascular
“longitudinal oxygen gradient” running from the arterial
input to the venular exit.

The potential extravascular pO2 heterogeneity has not been
supported by measurements obtained from in vivo studies
(20). pO2 measurements made with different techniques and in
different tissues confirm the presence of the intravascular lon-
gitudinal pO2 gradient from arterioles to capillaries (6, 13).
However, this gradient reverses in the venules as diffusion, an-

atomic pairing with countercurrent flows, and convective
shunts transport some of the oxygen from the arterioles to the
venules (7, 8). Comparatively large oxygen gradients at the ar-
teriolar and venular walls have been found and may be a
mechanism whereby the higher blood pO2 is reduced to a
perivascular pO2 level in close proximity of the overall
average interstitial pO2. The wall gradient, in combination
with the U-shaped intravascular longitudinal oxygen gradient,
causes pO2 to be fairly uniformly distributed throughout the
tissue and relatively unaffected by the proximity of arterioles
and venules. This configuration of tissue pO2 is implicit in the
results obtained from studies in the hamster window-chamber
preparation (10, 13) but is not specifically demonstrated with
these systematic surveys of microvascular pO2 distribution.
The relatively uniform interstitial pO2 level characteristic has
been challenged by new techniques for mapping the distribu-
tion of intra- and extravascular pO2. A recently developed
technique based also on phosphorescence quenching to mea-
sure pO2 found that nearly 60% of skeletal muscle at rest had
pO2 levels >50 mm Hg (23). Previously investigators have
reported that average tissue pO2 was closely regulated to
~20–23 mm Hg (20). Discrepancies between tissue pO2 levels
found in the literature reflect in part the difficulty in assessing
this parameter and its dependence on the measurement
technique.
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ABSTRACT

Oxygen transport from blood to the mitochondria is dependent on oxygen gradients. The interstitial or extra-
cellular pO2, measured by the phosphorescence-decay method, is indicative of these driving forces and the
amount of oxygen available to the mitochondria. Diverse protocols for sampling tissue pO2 show that mea-
surements sampling only interstitial pO2 levels provide a reliable measurement of the tissue pO2 level. Present
findings lead to the hypothesis that tissue has a fairly uniform interstitial fluid pO2 level and that local inho-
mogeneity due to the presence arteriolar and venular vessels is smoothed out by the steep gradients at the
microvascular walls. Antioxid. Redox Signal. 9, 979–984.
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Using Pd-phosphorescence-quenching microscopy
to measure interstitial and tissue pO2

Oxygen-tension measurements are made by using the
Pd-phosphorescence-quenching method (PQM) developed by
Wilson et al. (21) implemented for microcirculatory studies
(12). This noninvasive method is based on the oxygen-
dependent quenching of phosphorescence emitted by albumin-
bound metalloporphyrin complex after pulsed light
excitation, where the decay rate of the light-excited phospho-
rescence is inversely proportional to the partial pressure of
oxygen, according to the Stern-Volmer equation. PQM has
been used in this preparation for both intravascular and
extravascular oxygen-tension measurements, as albumin ex-
change between plasma and tissue allows sufficient concen-
trations of albumin-bound dye within the interstitium to
achieve an adequate signal-to-noise ratio (3, 19). Animals re-
ceive a slow intravenous injection of 15 mg/kg body weight
at a concentration of 10.1 mg/ml of a palladium-meso-tetra
(4-carboxyphenyl) porphyrin (Porphyrin Products, Inc.,
Logan, UT). The dye is allowed to circulate for 10 min be-
fore oxygen measurements.

In our system, intravascular measurements are made by
placing an adjustable optical rectangular (or square) window
on the blood vessel or tissue location of interest. The size of
the window is adjusted depending on the resolution required
for the measurement, which can be made within the mi-
crovessel, in its immediate vicinity, or in the tissue void of
microvessels.

Random vs. focused tissue pO2 measurements

Tissue pO2 measurements were performed according to
two procedures: Random protocol: pO2 measurements were
made along five vertical pathways and three horizontal path-
ways (Fig. 1). The microscope field was advanced in ~150-
�m steps along each pathway, and pO2 was measured. This
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method is random, in the sense the target may include
any combination of intravascular, perivascular, or interstitial
tissue. Focused protocol: Interstitial tissue pO2 measure-
ments were made in areas void of large feeding vessels and
between capillaries. An average of 120 and 10 pO2 measure-
ments was made in each animal after the Random and
Focused protocols, respectively.

Comparison of tissue pO2 histograms obtained
from focused and random measurements

The present study was carried out to determine the distribu-
tion of tissue pO2 in the awake chamber-window model by
using high-resolution phosphorescence quenching (13, 16, 21).
Animals inspired either ambient air (FiO2, 21%) or FiO2,
100%, to investigate whether increasing intravascular pO2

would affect the homogeneity or the interstitial pO2 level or
both. Measurements were performed in 11 animals, with five
animals in each treatment group and one used for the study of
the adjustable window size.

The pO2 distribution values obtained with the random and
focused protocols during normoxia is presented in Fig. 2A
and B, respectively. Figure 2C is the histogram obtained by
using the random protocol during hyperoxia. The descriptive
statistics of these data are summarized in Table 1.

The principal finding of this study is that tissue pO2 measured
randomly by scanning the tissue along set paths without regard
to microvascular structures has a gaussian distribution, average
pO2 of 25.1 ± 8.9 mm Hg (n = 550, N = 5 animals) and a maxi-
mum and minimum pO2 of 63.1 and 5.5 mm Hg, respectively.

FIG. 1. Hamster window chamber with superimposed
paths used for the random protocol. The window has a di-
ameter of 12 �m. In each animal, the pathlines are drawn and
measurement made by following the random protocol on the
superimposed paths in 100-�m increments. After each pathway
is completed, two to three focused measurements are per-
formed in the adjacent area.

FIG. 2. Interstitial pO2 levels in the hamster window-
chamber model. (A) Normoxia: random protocol (n = 536;
N = 5). (B) Normoxia: focused protocol (n = 102; N = 5). (C),
Hyperoxia: random protocol (n = 517; N = 5).
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Effect of the sensor size on tissue pO2 histogram

The effect of doubling and quadrupling the 20 � 20-�m
PQM window area on the pO2 distribution is shown in Fig. 3.
These data were obtained from a single animal in which the
size of the window was sequentially changed at each measur-
ing site, alternating from starting at 20 � 20 or at 80 � 80 �m
(n = 36). No statistical significance was obtained between the
pO2 distributions constructed with the 20 � 20 and 40 � 40
windows, in which the mean and standard deviation was
26.2 ± 5.6 and 25.0 ± 6.1 mm Hg, respectively. When the win-
dow was increased to 80 � 80 �m, the distribution significantly
shifted to lower pO2 and had a lower standard deviation
(19.6 ± 4.7 mm Hg). These values were statistically signifi-
cantly lower than those obtained with the smaller windows
(p < 0.0001). Tissue pO2 by using the focused protocol was
21.7 ± 3.5 mm Hg, which was not statistically different from
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the results obtained with the 80 � 80 window. Therefore, as
the size of the window is increased, the average value of the
distribution decreased. This result is a consequence of the
nonlinear averaging of the long decay curves for the low levels,
and the short decay for the higher pO2 values, in which the
phosphorescence signal is essentially zero during the period
that the low-pO2 signal remains significantly elevated. Thus,
very few low-pO2 values provide a larger contribution than
many high-pO2 values.

No statistical difference was found by using the smaller op-
tical measuring windows in random locations. As expected,
using the smaller measuring windows in selected focused lo-
cations provides the lowest tissue pO2 determination, because
it deliberately excludes measurements in the intravascular
compartment, which always have higher values than the tissue,
even in venules. The focused pO2 value should closely corre-
spond to the average value of the interstitial fluid pO2, where
the phosphorescent marker is located. The finding that pO2

determined with the larger 80 � 80-�m window is not statisti-
cally different from the most probable value of the interstitial
pO2 is interesting but probably fortuitous. Large windows are
likely to contain a significant number of signals from the
blood compartment, which complicates the averaging process
because blood and tissue have different concentrations of the
phosphorescent dye and different light absorptions character-
istics. These considerations and findings illustrate the basic
difficulty in interpreting tissue pO2 measurements when it is
not possible to obtain localized data at the microscopic level,
in conditions in which the measurement location can be re-
lated to the microvascular anatomy.

WHAT ARE THE UPPER LIMITS TO
TISSUE pO2 LEVELS?

Boeghold and Johnson (2) recorded, in 55-�m-diameter
arterioles of the cat sartorius muscle, a periarteriolar pO2 of
52.1 ± 3.1 mm Hg (SEM) when tissue pO2 was 22.8 ± 3.3 mm
Hg (SEM) by using Whalen microelectrodes. Using PQM,
pO2 values of 37 ± 2 and 31 ± 3 mm Hg were obtained in sim-
ilar-sized arterioles and venules of the rat spinotrapezius
muscle (15). Average tissue pO2 was 19.3 ± 1.6 mm Hg when
mapped by using multiwire surface electrodes in the awake
hamster window-chamber model (14). The pO2 histograms
constructed from these multiwire electrode maps did not
show any values >40 mm Hg. An extensive review of mi-
crovascular oxygen distributions (20) reports the highest pO2

value recorded in 12 studies of arterioles ≤100 �m, by using
either the microelectrode or the phosphorescence technique,
was ~80 mm Hg, and the highest arterial pO2 in the animals
studied was 100 mm Hg. The highest pO2 reported in eight
studies of venules ≤200-�m diameter was ~40 mm Hg.

Hamsters are fossorial animals and therefore are adapted to
a low-oxygen and high–carbon dioxide atmosphere found in
their natural habitat. Thus, hamsters have evolved to a low central
arterial pO2. As an example, in the present study, mean arterial
pO2 measured from blood samples drawn from the catheter in
the carotid artery was 60.5 ± 5.2 mm Hg. It is therefore a legit-
imate concern whether the pO2 distribution in the hamster win-
dow chamber is representative of similar tissues in other

TABLE 1.

Normoxia Normoxia Hyperoxia
(random) (focused) (random)

N 5 5 5
mean ± std 25.1 ± 8.9 20.2 ± 7.7 36.8 ± 14.8
maximum 63.0 36.8 20.2
minimum 5.5 14.8 7.7
n 536 517 118

N, number of animals; mean, maximum, minimum pO2 [=]
mm Hg; n, number of measurements.

FIG. 3. The effect of the PQM window size on the intersti-
tial pO2 histograms. Measurements are made during nor-
moxia in one animal (n = 36). Histograms constructed from
different window sizes (mean ± SD, maximum, minimum). (A)
20 � 20 �m (26.2 ± 5.6 mm Hg, 43.8, 12.7). (B) 40 � 40 �m
(25.0 ± 6.1 mm Hg, 37.6, 12.5). (C) 80 � 80 �m (19.6 ± 4.7
mm Hg, 31.9, 10.5).
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species with normal arterial pO2 (skeletal muscle, adipose, and
subcutaneous connective tissue). However, the pO2 in A0 arte-
rioles of hamster is identical to that of other species (rats, mice,
cats) not adapted to a fossorial environment). This is in part ex-
plained by the tissue of the chamber window in the hamster
being supplied by a branch of the aorta, minimizing the
lung/microcirculation pO2 longitudinal gradient. Thus, in prin-
ciple, the pO2 distribution in the hamster microcirculation is
the same as that of other species.

Further to validate this contention, we carried out the same
study in conditions of hyperoxia, admittedly an extreme effect
because this elevated arterial blood pO2 to 478 ± 20 mm Hg.
This extreme condition shifted the pO2 distribution to the right
relative to normoxia (36.8 ± 14.8 mm Hg; n = 517), as shown in
Fig. 2A and C; however, it caused only a slight shift to the right
of the tissue pO2 distribution. Notably, the high-end extremes of
the hyperoxic pO2 random distribution were < 80 mm Hg. Fur-
thermore, the variability of the data increases, probably as a
consequence of hyperoxia being vasoconstrictive, causing a sig-
nificant decrease in functional capillary density (18).

WHERE ARE THE LOWEST TISSUE 
pO2 VALUES?

The lowest pO2 in the tissue recorded in the present study
was 5.5 mm Hg during normoxic conditions. This value is
within the range of those reported for the lymph in terminal
lymphatics in the rat mesentery (11). In the present study, no
attempt was made to correlate the underlying anatomy with the
actual pO2 measurement. Our study provides no evidence for
tissue pO2 being below ~5 mm Hg. In a different study, his-
tograms of intracellular recordings of muscle pO2 showed that
the majority of cells were in the range of 0–5 mm Hg, with
38% being at ≤1 mm Hg (22). These results illustrate the pres-
ence of a tissue/mitochondria pO2 gradient; however, they are
in contrast with results from studies using NADH fluorescence
to determine anaerobic respiration in localized tissue areas in
the exteriorized cat sartorious muscle (17). This study shows
that only 3% of the tissue was on the verge of hypoxia (pO2,
5–10 mm Hg), which was defined as the location where delay
between blood-flow stoppage and the beginning of the increase
of NADH fluorescence was ≤10 sec.

COMPARISON AND INTERPRETATION OF
TISSUE pO2 HISTOGRAMS

Previous data in the literature obtained by using polaro-
graphic electrodes, mapping intravascular hemoglobin satura-
tion, multiwire polarographic electrodes, and PQM concur
with data obtained in the present study. Notably these results
are qualitatively and quantitatively different from those ob-
tained with a new technique for measuring different probes to
assess intra- and extravascular pO2 (23). In this new technique,
two different phosphorescence-quenching chromophores were
delivered separately to the intravascularly and perivascular
space in the thigh muscle of an awake mouse. Figure 4 com-
pares the extravascular tissue pO2 distribution by using OXY-
FLUOR G3 with that obtained by using the multiwire electrode
mapping technique (14).
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This recently reported dual phosphorescence quenching tech-
nique was developed to solve the possible detachment of the
phosphorescence probe from its carrier protein, leading to ex-
travasation of the dye, causing it to combine with proteins other
than albumin. The detached dye could potentially react with
other proteins, thus rendering the measurement of pO2 indepen-
dent of light-excitation intensity, emission absorption, and dye
concentration in the tissue. This problem does not appear to
have significantly affected previous measurements of tissue
pO2 made by using the palladium porphyrin bound to albumin
in vitro and injected intravenously. This assertion is also vali-
dated by the direct study comparing tissue pO2 measurements
by using the PQM and the polarographic electrode, which found
no statistical difference between measurements (3).

PQM has been implemented in several laboratories, pro-
viding consistent intravascular pO2 data in the microcircula-
tion. In general, no evidence exists for intravascular blood
pO2 being < 20 mm Hg at the microvascular level during nor-
mal conditions. The new technique shows that ≥5% of the
measurements fall below this value. A curious result reported
by Wilson et al. (23) is that ≥20% of blood pO2 measurements
are >100 mm Hg, which is possible only if the preparation is
exposed to 100% oxygen or there is a mechanism to concen-
trate oxygen as blood transits from the lungs to the site of
measurement. The finding that 60% of the tissue has a pO2

>50 mm Hg suggests that the method for reducing the oxy-
gen-quenching signal into pO2 histograms distorts the data. It
cannot be excluded that the direct injection of the porphyrin
dye into the tissue without the protective association with al-
bumin may induce production of significant quantities of
oxygen free radicals, causing a severe metabolic impairment
in the tissue. The effect of inhibiting tissue metabolism on the
distribution of tissue pO2 was documented by an 80% ex-
change transfusion of molecular hemoglobin (4). Results
showed that despite a reduced microvascular oxygen delivery

FIG. 4. Interstitial pO2 distributions. The plot is redrawn
from the data from multiwire electrodes (14) and the new phos-
phorescence dyes by using the phosphorescence-quenching
technique limited to the extravascular space (23). The multielec-
trode data are from the awake hamster window-chamber tissue
(histogram, right y-axis) and is presented as the percentage fre-
quency of observation. The data using the new Oxyphors are
from awake murine hindlimb (line, left y-axis) and are presented
as the fractional tissue volume interrogated by the sensor.
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and extraction in the tissue of the hamster window chamber,
the interstitial pO2 was elevated above normal levels.

Our results show that the distribution of tissue pO2, when
taken with the random protocol, which by chance would include
measurements focused in blood vessels, yields a higher tissue
pO2. Measurements deliberately made in areas void of vessels,
thus avoiding intravascular measurements, yield a lower mean
pO2 value and standard deviation. The absolute value of the
standard deviation is significant because it shows what percent-
age of the tissue may be anoxic. In the gaussian distribution,
two standard deviations away from the mean represent 2.5% of
the total tissue, a value similar to the 3.2% obtained in skeletal
muscle pO2 distribution by Toth et al. (17).

CONCLUSIONS AND OPEN QUESTIONS

In summary, we show that in the tissue pO2 of the hamster
window chamber is fairly uniform, even in close proximity of
arterioles and venules, because these present steep tissue gra-
dients effectively isolate the tissue from the high arteriolar
and venular pO2. In normal conditions, the pO2 in the hamster
window chamber is regulated at a level whereby none of the
tissue is at risk of anoxia (<5 mm Hg). Hyperoxic inspiration
did not change the tissue pO2 distribution significantly, an ef-
fect that may be related to the intrinsic regulation of blood
flow by intravascular pO2 (18), and the increase in vessel-wall
gradient and its oxygen consumption, which is a function of
blood pO2 (19). In conclusion, a precise and unambiguous
use of the term tissue pO2 requires the measurement of pO2 at
tissue locations sampled in areas of ~20- to 40-�m diameter,
mostly void of blood vessels. Finally, no evidence exists in
this tissue for intra- or extravascular pO2 >100 mm Hg, even
during hyperoxia (18).

Thus, many questions still remain with regard to oxygen de-
livery to tissue. How is oxygen delivery managed to achieve a
uniform interstitial level? During pathologic oxygen-delivery
conditions, such as acute anemia (reduced oxygen-carrying
capacity) and ischemia (low flow), how well does the tissue
pO2 predict adequate oxygen delivery to the mitochondria? Is
the use of tissue pO2 as a clinical marker to denote recovery of
normal oxygenation conditions appropriate? Can it not also
represent tissue that is metabolically impaired?

APPENDIX

Notes

1. Animal Preparation
Investigations were performed in golden Syrian hamsters (Charles

River Laboratories, Boston, MA). Animal handling and care were pro-
vided by following the procedures outlined in the Guide for the Care
and Use of Laboratory Animals (1). The study was approved by the
local Institutional Animal Care and Use Committee. The hamster win-
dow-chamber model is widely used for microvascular studies in
unanesthetized conditions, and the complete surgical technique is de-
scribed in detail elsewhere (5, 9). In brief, the animal was prepared for
chamber implantation with a 50-mg/kg i.p. injection of pentobarbital
sodium anesthesia. After hair removal, sutures were used to lift the
dorsal skin away from the animal, and one frame of the chamber was
positioned on the animal’s back. A chamber consisted of two identical
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titanium frames with a 15-mm circular window. With the aid of back-
lighting and a stereomicroscope, one side of the skin fold was re-
moved by following the outline of the window until only a thin layer
of retractor muscle and the intact subcutaneous skin of the opposing
side remained. Saline and then a coverglass were placed on the ex-
posed skin, held in place by the other frame of the chamber. The intact
skin of the other side was exposed to the ambient environment. The
animal was allowed ≥2 days for recovery; afterward, its chamber was
assessed under the microscope for any signs of edema, bleeding, or
unusual neovascularization. Barring these complications, the animal
was anesthetized again with pentobarbital sodium. Arterial and ve-
nous catheters (PE-50) were implanted in the carotid artery and jugu-
lar vein. The catheters were filled with a heparinized saline solution
(30 IU/ml) to ensure their patency at the time of experiment. Catheters
were tunneled under the skin and exteriorized at the dorsal side of the
neck, where they were attached to the chamber frame with tape. Ex-
periments were performed after ≥24 h and usually within 48 h after
catheter implantation.

Inclusion Criteria. Animals were suitable for the experiments if
their systemic parameters were within normal range: (a) heart rate
(HR), >320 beats/min; (b) mean systemic blood pressure (MAP), >80
mm Hg; (c) systemic hematocrit (Hct), >45%; (d) systemic arterial
pO2, >50 mm Hg. The microvasculature of the chamber tissue was
examined under low (150x) and high (650x) magnification for edema
and bleeding. Animals were excluded from the study if these signs of
trauma were observed.

2. Systemic parameters
MAP was tracked continuously over the entire experimental

period and the HR determined from the pressure trace (Biopac, Santa
Barbara, CA; Spectramed Pressure Transducer). Systemic hematocrit
was measured from centrifuged arterial blood samples taken in
heparinized capillary tubes (Readacrit Centrifuge, Clay Adams,
Division of Becton and Dickinson, Parsippany, NJ). Arterial blood
sampled from the carotid artery catheter into heparinized capillary
tubes were immediately analyzed for pO2 at 37°C (pH/blood gas
analyzer, model 248, Bayer).

3. Experimental protocol
The unanesthetized animal was placed in a restraining tube. A plas-

tic tent with an inlet valve connected to a gas tank was placed in the
front of the restraining tube. The gas flow rate (1.8 L/min) into the tent
was diffused by a cotton-filter barrier so that the hamster was not sub-
jected to a direct stream of gas flow. The restraining tube was attached
to the stage of an intravital microscope (B�51WI Olympus; Central
Valley, PA) equipped with a water immersion 40x objective (Olympus
Wplan; numerical aperture, 0.7). The tissue image was projected onto a
CCD camera (COHU, San Diego 4815-2000) connected to a video cas-
sette recorder and viewed on a monitor.

In this study, animals were divided into two treatment groups and
were exposed to either FiO2 0.21 (Normoxic) or 1.0 (Hyperoxic); flow
rate was 1.8 L/min. Baseline systemic parameters were assessed after
the animal became accustomed with the tube and flow of FiO2 of 0.21
~15–20 min. The animals were then infused with the Pd-Phorphyrin
dye, and the FiO2 was switched to FiO2 of 1.0 in the second group. The
animal was given a 10-min rest for the dye to circulate and also for the
animals in the hyperoxic group to reach a steady state and become ac-
customed to the increase in the oxygen content of the inspired air.
Systemic parameters were then sampled again in the hyperoxic group
to verify the increased arterial pO2. pO2 measurements were then per-
formed by following the Random and Focused Protocol. All measure-
ments were completed within 45 min. One animal was used to study
the effect of the size of the sensor window on the oxygen distribution.
The size of the window was increased by two- and fourfold the normal
20 � 20 �m2.

4. Data analysis
Results are presented as mean ± SD unless otherwise noted. N

denotes the number of animals within each treatment group, and n
denotes the number of total measurements. The data were analyzed



by using t test and ANOVA with repeated measures, and when appro-
priate, Bonferroni multiple-comparison post hoc test was used to de-
termine significance between groups. The nature of the distribution
was quantified by using GraphPad Prism 4.01 (GraphPad Soft Ware,
Inc., San Diego, CA).
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