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Abstract
Oxygen delivery to the tissues is crucial to survival but our understanding of the processes involved in the transport of oxygen from blood to tissue is incomplete. The
aim of the present work is to illustrate a long-standing paradox regarding such transport by reporting new state-of-the-art measurements and by analyzing the results in
several ways, thereby exploring possible resolutions of the paradox. Our model calculations show that slight extensions of system parameters are su‰cient to overcome
the apparent inconsistencies. Alternatively, so far unappreciated mild e¤ects like
flow-assisted di¤usion in the interstitium will explain the supernormal di¤usion of
oxygen.

1. Introduction
Historically, the Krogh di¤usion model has been accepted as the proper way to describe the delivery of O2 from the blood stream to the interstitium [1]. While Krogh
intended this description to relate entirely to capillaries, several workers [2–5] later
showed that most of the transport in fact comes from arterioles. This conclusion is
based on measurements of changes in O 2 content of the blood within the arterioles.
These measurements however have not been reconciled with possible mechanisms of
O2 transport away from the arterioles. In fact, the present understanding of the
transport of O2 from the blood stream to the interstitium is fraught with controversy.
Unfortunately, the available experimental data are insu‰cient to make a clear decision. In this paper, we report new state-of-the-art measurements of O2 concentrations
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in and around arterioles, review the facts surrounding this controversy, and suggest
some possible mechanisms for O2 transport that might explain the discrepancies. On
the one hand, model calculations show that simple di¤usive transport is not in
contradiction to the experimental data if system parameters are allowed to take on
values at the limits of their uncertainty intervals. On the other hand, additional mild
e¤ects like flow-assisted di¤usion in the interstitium arising from known arteriolar
pulsation are argued to be able to easily overcome the discrepancies.

2. Experiment
An automated system based on phosphorescence quenching was used to measure
oxygen tension pO2 within the microcirculation of the hamster cheek pouch. We
measured the intraluminal and perivascular distribution of oxygen gradients in the
arterioles, venules, and interstitium of the microcirculation visualized by transmitted
light.
Measurements of pO2 demonstrated that there was a progressive fall in oxygen
tension from the largest arterioles entering a tissue down to the terminal arterioles
in hamster cheek pouch microcirculation [6]. These measurements are based on
the relationship between the rate of decay of excited palladium-mesotetra-(4carboxyphenyl) porphyrin bound to albumin and the local pO2 value. The albuminbound probe enables measurement of oxygen levels in the blood as well as in the
tissue since the probe passes into the interstitium according to the exchange of albumin from blood to tissue. The hamster cheek pouch, an epithelial tissue, has been
used extensively to study microcirculation [7–10].
2.1. Materials and methods
A group of 25 male Syrian hamsters (80–100 g; Charles River, Italy) were anesthetized by intraperitoneal injections of sodium pentobarbital, 50 mg/kg body wt. The
animals were tracheotomized and the right carotid artery and femoral vein were
cannulated to measure blood pressure and to inject the phosphorescence probe and
supplementary doses of anesthetic. The cheek pouch was surgically prepared as previously reported [5]. It was spread over a plexiglas microscope stage and a region of
about 1 cm 2 in area was prepared as a single layer for intravital microscopic observations. The cheek pouch was then covered with transparent plastic film to prevent
both desiccation of the tissue and gas exchange with the atmosphere. Observations
were made with an intravital microscope (Orthoplan; Leica Microsystem GmbH,
Wetzlar, Germany) using the trans-illumination technique. The pO2 measurements
were performed at several locations in the microcirculation. All selected microvessels
and interstitial tissue segments were also recorded by a video camera (Cohu Inc., San
Diego CA, USA), displayed on a monitor, and transferred to a video recorder. The
hamster’s body temperature and cheek pouch temperature were maintained at 37" C
with circulating warm water. At the conclusion of the experiment, an intravenous
injection of pentobarbital (300 mg/kg bw) was used as the method of euthanasia. Animal handling and care were provided following the procedures outlined in the
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‘‘Guide for the Care and Use of Animals in the Laboratories of the Italian Research
Council’’.

2.2. The pO2 measurement system
The oxygen-dependent quenching of the phosphorescence decay method is based on
light emitted by albumin-bound palladium-mesotetra-(4-carboxyphenyl) porphyrin
[11]. Pd-porphyrin is excited to its triplet state by exposure to pulsed light, after
which phosphorescence intensity is reduced by emission and energy transfer to O2 .
The relationship between phosphorescence lifetime and oxygen tension is given by
the Stern-Volmer equation,
1=t ¼ 1=t0 þ kq pO2 ;

ð1Þ

where t0 and t are the phosphorescence lifetimes in the absence of molecular oxygen
and at a given pO2 , respectively, and kq is the quenching constant. Both factors are
pH and temperature dependent.
Palladium-mesotetra-(4-carboxyphenyl) porphyrin (Porphyrin Products, Logan, UT,
USA) bound to serum albumin and diluted in saline (0.9% sodium chloride, ElkinsSinn) to a final concentration of 15 mg/ml was used as a phosphorescent dye
(t0 ¼ 600 ms, kq ¼ 325 Torr'1 s'1 at pH 7.4 and 37" C) and intravenously injected
(15 mg/kg bw). Phosphorescence was excited by light pulses (30 Hz) generated by a
45 W xenon strobe arc (EG&G Electro Optics, Salem, MA, USA). The pulsed light
illuminated a round area of ~140 mm diameter, while pO2 measuring sites were microscopically selected by an adjustable slit. The slit size was fixed at 5–15 mm ( 20
mm for microvascular measurements and positioned longitudinally over the center
of the blood vessels so that only the main blood stream was covered and any overlapping with the vessel wall was strictly avoided (see Figure 1). For interstitial tissue
pO2 measurements, the slit was positioned on intercapillary segments, avoiding any
spatial interference with underlying or adjacent blood vessels. Filters of 420 and 630
nm were used for porphyrin excitation and phosphorescence emission, respectively.
Phosphorescence signals were captured by a photomultiplier (EMI, 9855B; Knott
Elektronik, Munich, Germany).
The decay curves were averaged, visualized, and saved by a digital oscilloscope (Hitachi Oscilloscope V-1065, 100 MHz; Hitachi, Denshi, Japan). Decay time constants
were determined by a computer fitting the averaged decay curves to a single exponential using the Stern-Volmer equation (1). The microvascular measurements were
initiated 2 min after injection of the dye, while interstitial tissue pO2 was measured
after a period of 15 min, allowing enough porphyrin to permeate the tissue for su‰cient extravascular phosphorescence signal strength.
Systemic parameters recorded consisted of arterial blood gases, mean arterial pressure, and hematocrit. The mean arterial pressure (Viggo-Spectramed P10E2 transducer, Oxnard, CA, USA, connected to a catheter in the carotid artery) and heart
rate were monitored by a Gould Windograf recorder (Mod. 13-6615-10S; Gould
J. Non-Equilib. Thermodyn. ! 2005 ! Vol. 30 ! No. 2

154

S. Bertuglia et al.

Figure 1 Schematic picture of the geometric setup for the experiment and the model. Values
shown are the results of the experiment.

Inc., Ohio, IL, USA). Data were recorded and stored in a computer. Quantitative
data are given as mean values e standard deviations. Comparisons of dependent
variables over the observation period were tested using the paired Student’s t-test
and Bonferroni probabilities for repeated measurements. Results with error probability less than 0.05 were considered significant.

3. Results
For the purpose of comparison to the model calculations below, we restrict the discussion of the experimental results to our findings for A2 arterioles. The measurements obtained are summarized in Figure 1. For the rest of the experimental results,
see [5].
3.1. Oxygen depletion from arteriolar blood
As shown in Figure 1, the oxygen tension is measured to drop from pO2 ¼ 35 to 31
mm Hg over a distance of l ¼ 500 mm along the arteriole, inducing a drop from
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S ¼ 42 to 35%, i.e., DS ¼ 7%, in hemoglobin (Hb) saturation according to standard
Hb calibration curves (see, e.g., [12]). The carrying capacity of hemoglobin at 100%
saturation is k ¼ 0:061 mol O2 /kg (1.36 ml O2 per g of hemoglobin), and the hemoglobin content of whole blood in hamsters is H ¼ 650 kg/m 3 at the normal hematocrit of hartery ¼ 44. Since the hematocrit in arterioles is only harteriole ¼ 18, this drop of
DS ¼ 7% saturation corresponds to a depletion of the oxygen concentration of
DC blood ¼ DS ( k ( H ( harteriole =hartery

¼ 7% ( 0:061 mol O2 =kg ( 650 kg=m 3 ( 18=44
¼ 1:1 mol O2 =m 3 blood

ð2Þ

over the 500-mm-long segment of arteriole. A measured linear blood flow velocity of
v ¼ 2:0 mm/s through a vessel of diameter d ¼ 27 mm gives a volumetric flow of
V ¼ p=4 ( d 2 ( v ¼ p=4 ( ð2:7 ( 10'5 mÞ 2 ( 0:0020 m=s ¼ 1:1 ( 10'12 m 3 =s:

ð3Þ

Combining Eqs. (2) and (3) we finally arrive at an oxygen depletion rate of
Fdepl ¼ DC blood ( V ¼ 1:3 ( 10'12 mol O2 =s

ð4Þ

over l, or at standard temperature and pressure 2:7 ( 10'8 ml O2 /s. Per surface area
A ¼ pdl of the vessel, this amounts to
fdepl ¼ Fdepl =A ¼ 3:0 ( 10'5 mol=m 2 s ¼ 6:7 ( 10'13 ml O2 =ðmmÞ 2 s;

ð5Þ

in agreement with related observations [13, Table 4].

3.2. Di¤usive transport out of the arteriole
Again referring to Figure 1, the oxygen tension drops from pO2 ¼ 33 to 19 mm Hg
across the vessel wall, i.e., Dpwall ¼ 14 mm Hg. This oxygen pressure di¤erence only
concerns oxygen physically dissolved in the plasma and interstitial fluid, where at a
partial pressure of 100 mm Hg the solubility is s100 ¼ 0:13 mol/m 3 ¼ 0:3 ml of O2
per 100 ml of plasma (see, e.g., [12]). Thus this change in tension corresponds to a
di¤erence in oxygen concentration of
DCplasma ¼ Dpwall ( s100

¼ ð14 mm Hg=100 mm HgÞ ( 0:13 mol=m 3
¼ 0:019 mol O2 =m 3 :

ð6Þ

If oxygen is transported through the arteriolar wall exclusively by simple di¤usion
and we take the wall thickness to be w ¼ 1 mm corresponding to a single layer of
endothelial cells, this amounts to a di¤usive flow per surface area of the vessel of
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fdi¤ ¼ D ( DCplasma =w

¼ 2 ( 10'9 m 2 =s ( 0:019 mol=m 3 =1 mm ¼ 3:7 ( 10'5 mol=m 2 s
¼ 8:5 ( 10'13 ml O2 =ðmmÞ 2 s

ð7Þ

using a typical di¤usion constant in tissue of D ¼ 2 ( 10'9 m 2 =s ¼ 2 ( 10'5 cm 2 /s
(see, e.g., [12]).
Within the accuracy of the measurements, this flow is the same as the depletion
flow, Eq. (5). Thus, under the specified assumptions, simple di¤usion is fully capable
of accounting for oxygen transport from arterioles to the tissue immediately surrounding them. If, on the other hand, we consider an arteriole surrounded by a single
layer of muscle fibers yielding a typical wall thickness of w ¼ 6 mm [13], the gradient
and consequently the di¤usion rate would be reduced by a factor 6 to fdi¤ ¼ 1:4 (
10'13 ml O2 /(mm) 2 s surface area of the vessel. In spite of the relatively large uncertainties of the measurements, this value is distinctly smaller than fdepl , Eq. (5),
and probably implies additional e¤ects. The model calculations below will elucidate
the respective possibilities.
3.3. Di¤usive transport through tissue
Using the same arguments as in the previous subsection on the oxygen tension data
in the tissue (see Figure 1), we now find a drop in oxygen tension from pO2 ¼ 19 to
13 mm Hg across x ¼ 100 mm of tissue, i.e., Dptissue ¼ 6 mm Hg. This leads to a typical concentration gradient of 85 mol/m 4 . Using again the di¤usion constant in tissue
of D ¼ 2 ( 10'9 m 2 =s ¼ 2 ( 10'5 cm 2 /s, we arrive in an order of magnitude estimate
at a flow per surface area of the vessel of only
ftissue ¼ D ( DCtissue =x

¼ 1:7 ( 10'7 mol=m 2 s ¼ 3:6 ( 10'15 ml O2 =ðmmÞ 2 s;

ð8Þ

which is one to two orders of magnitude smaller than the depletion flow fdepl leaving
the blood stream, Eq. (5).

4. The paradox
The oxygen flux out of arterioles as measured and calculated above is in good agreement with many previously reported values (see [13, Table 4]). The di‰culty begins
when one tries to account for the distribution of this oxygen. While the measured
gradient across the arteriolar wall is likely su‰ciently large to allow this much O2 to
di¤use out of the arteriole (see above), the O2 gradient through the interstitium appears to be too small by at least one order of magnitude to carry this O2 to any significant distance from the wall. To resolve this paradox, a number of hypotheses have
been advanced by leading workers in microcirculation, including the possibility that:
(i) over 90% of the O2 is consumed in the arteriolar wall [4]; (ii) several independently
measured O2 depletion values are incorrect by one to two orders of magnitude [13];
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or (iii) the e¤ective di¤usion coe‰cient of O2 through tissue is an order of magnitude
larger than normal di¤usion [6]. Such supernormal di¤usion could be caused by pulsating action of the muscle fibers around the arterioles or by flow-assisted di¤usion
within the tissue cells. As an aid to discussing these and other possibilities, we introduce the model presented in the following section.

5. Model
The model we analyze consists of three concentric cylinders [13]. The inner cylinder
with radius ri is the lumen of the arteriole. The second cylinder has radius ro and extends from ri to the outside of the arteriolar wall; i.e., it is the wall. The outer third
cylinder has radius rt and includes the region of interstitium supplied by the arteriole,
i.e., from ro and outward. We assume full cylindrical symmetry and thus there is no
angular dependence of the variables. In addition, we assume translational symmetry
along the z-axis; i.e., we consider a two-dimensional model. Note that this assumes
that flows and concentrations do not change along the length of the arteriole.
Finally, we assume steady-state conditions, thereby eliminating any time dependence.
With these assumptions, the di¤usion equation in cylindrical coordinates reduces to a
one-dimensional di¤erential equation. Let Sw be the rate at which oxygen is consumed in the wall per unit volume and Dw be the di¤usion constant for oxygen within the wall. The oxygen concentration pðrÞ inside the wall then must satisfy
!
"
1 d
dp
d 2 p 1 dp Sw
r
¼
:
¼ 2þ
r dr
dr
dr
r dr Dw

ð9Þ

Solving this di¤erential equation with the boundary conditions pðri Þ ¼ pi and
pðro Þ ¼ po leads to
pðrÞ ¼ pi þ

!
"
Sw ðr 2 ' ri2 Þ
Sw ðro2 ' ri2 Þ lnðr=ri Þ
;
þ pi ' po þ
4Dw
4Dw
lnðri =ro Þ

ð10Þ

from which oxygen flows can be determined through the concentration gradients
using
dp
J ¼ 'Dw :
ð11Þ
dr
Introducing variables Ji and Jo for the values of the flow at ri and ro , we solve for Dw
and Sw getting
Dw ¼

! "
2ðJi ri ' Jo ro Þ
ro ri ðJo ri ' Ji ro Þ
ro
þ
ln
;
po ' pi
ri
ð po ' pi Þðro2 ' ri2 Þ

ð12Þ

Sw ¼

2ðJo ro ' Ji ri Þ
:
ðri2 ' ro2 Þ

ð13Þ
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We next repeat this calculation for the region between ro and rt getting
! "
2ðJo ro ' Jt rt Þ
rt ro ðJt ro ' Jo rt Þ
rt
ln
þ
Dt ¼
;
2
2
pt ' po
ðpt ' po Þðrt ' ro Þ
ro
St ¼

2ðJt rt ' Jo ro Þ
;
ðro2 ' rt2 Þ

ð14Þ
ð15Þ

where Dt and St are the di¤usion constant and consumption rate for O2 in the tissue.
The above calculations express the consumption rates and the di¤usion constants
in terms of the concentrations and the fluxes at the respective radii. The values of
the concentrations pi ¼ 33 mm of Hg, po ¼ 19 mm of Hg, and pt ¼ 13 mm of Hg
and the flow Ji ¼ 3:0 ( 10'17 mol/(mm) 2 s are taken from the experiment Eq. (5),
while Jt ¼ 0 is based on the assumption that pt is the minimum pressure present.
This leaves us with four equations (12–15) for determining the five parameters Dw ,
Dt , Jo , Sw , St . To explore possible resolutions of the aforementioned paradox, we
use the equations to plot consistent values of our parameters. We also explore possible e¤ects of uncertainty in geometrical factors such as the thickness of the arteriolar
wall, ro ' ri , and the thickness of the region supplied by the arteriole, rt ' ro . The
plots in Figure 2 show the ratio of the di¤usion constants in the tissue and the
arteriolar wall, Dt =Dw , as a function of rt =ri for wall thickness ro ' ri equal to 1 mm
(Figure 2a), 3 mm (Figure 2b), 6 mm (Figure 2c), and 9 mm (Figure 2d). The three
curves in each figure correspond to Sw =St values of 0, 1, and 10, respectively; i.e.,
no oxygen consumption in the wall, the same rate, and 10 times the consumption
rate in tissue. Figure 3a–d presents a di¤erent view of the same information, this
time plotting Sw =St as a function of rt =ri for the various wall thicknesses with the
di¤erent curves corresponding to Dt =Dw values of 1, 2, and 5, respectively.

6. Discussion
The results from our model calculations provide a framework for considering possible resolutions of the paradox. Recall that the paradox results from using our measured geometric values in Figure 1 along with the traditional view that O2 moves
freely through all tissues (Dt =Dw Q 1) while most of the O2 delivered is used in the
tissues (and thus, considering the volumes of the respective regions, Sw =St <Q 10).
In our calculations, we have included a multitude of geometrical scenarios besides
the measured values shown in Figure 1. Our reason for considering di¤erent wall
thicknesses is that portions of the arterioles are likely to be surrounded by a layer of
smooth muscle. In the calculations by Vadapalli et al. [13], they use a value of 6.5 mm
for the wall thickness of comparable size arterioles. In addition, we wanted to account for the uncertainty in the position where the concentration po applies.
Our reason for considering a large range of possible rt values is to account for uncertainty in the size of the region supplied by the arteriole. Since true three-dimensional
J. Non-Equilib. Thermodyn. ! 2005 ! Vol. 30 ! No. 2
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Figure 2 Di¤usion enhancement factors as a function of the linear size of the interstitial
basin supplied by the arteriole for various wall thicknesses and the ratio of consumption
rates in the wall and in the interstitium. The vertical lines indicate the values as measured in
the experiment.

resolution of the local microvasculature is not available, it is not possible to assert
with any confidence that other blood vessels, e.g. capillaries, did not in fact supply
O2 to the apparent point of minimum O2 concentration 100 mm from the arteriole.
Future investigations could eliminate this uncertainty by using recently developed
femtosecond laser technology [14] to completely map the local three-dimensional
structure of the microvasculature examined.
The hypothesis advanced by Vadapalli et al. [13] is that the pO2 measurements made
by several independent groups share a systematic error of one to two orders of magnitude for the deduced O2 depletion. They were led to this conclusion because 15
years of e¤orts since [6] have not led to any resolution. We nonetheless find the
conjecture that several workers (including us) have been measuring O2 disappearance
incorrectly to be untenable.
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Figure 3 The ratio of consumption rates in the wall and in the interstitium as a function of
the linear size of the interstitial basin supplied by the arteriole for various wall thicknesses
and di¤usion enhancement factors. The vertical lines indicate the values as measured in the
experiment. Note that for a wall thickness of 9 mm and a di¤usion enhancement of 5, the
resulting consumption ratios fall outside the physical range and take on negative values.

We now turn to consider possible resolutions of the paradox. Intaglietta’s proposed
resolution [4, 15] is to assume that most of the O2 flux does not actually make it into
the interstitium, being consumed in the vessel wall. Vadapalli et al. [13] do a very
careful job disproving this hypothesis by calculating an upper bound to the amount
of O2 that could possibly be consumed in the wall and find a value well below what
would be required to account for enough O2 disappearance. We find Intaglietta’s
hypothesis untenable also on the general grounds that it would require most of the
metabolic benefits of distributing O2 to the tissues to be spent just on achieving the
distribution.
Most credible among the resolutions heretofore suggested is the original hypothesis
by Popel et al. [6], which claimed that O2 transport through the tissue is faster than
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normal by an order of magnitude. While our analysis suggests compromise solutions
that require less than a full order of magnitude increase in extravascular di¤usion,
some enhancement of the e¤ective di¤usion rate is clearly required. Di¤usion rates
are known to be enhanced by one to two orders of magnitude by even a slight
amount of convective flow, especially if any mixing is present. Some convective flow
is created by the pulsatile vasomotor change of arterioles [16]. Purely periodic flows
in themselves transport nothing of course. Fluid elements simply move out and come
back to where they started with no net transport of anything. However, if this
motion is in conjunction with dissipative mechanisms such as the pervasive physiological di¤usion or other chemical fractionation or mixing processes, the interacting
fluid elements piggybacked on the flow interact with more tissue than otherwise, thus
considerably accelerating transport.
Another mechanism for enhancing the di¤usion comes from the fact that much of
the transport occurs through cells that have internal mechanisms such as cytoplasmic
streaming for mixing their fluid contents. Another argument for the need for enhanced di¤usion through tissue comes from the fact that under extreme load the
oxygen turnover in a muscle cell may increase 80-fold over the resting state [17]. Assuming purely di¤usive transport, this would require a corresponding 80-fold increase in the gradient of the oxygen tension.
On the basis of the above framework, we see that provided we are willing to accept a
modest enhancement in di¤usion rates through tissue, there is a range of parameter
values that make the paradox disappear. For instance, the combination of higher
burning rates in the vessel wall, Sw =St Q 10, enhanced di¤usion, Dt =Dw Q 3, restricted basin to be supplied by the arteriole, rt =ri Q 4, and a wall thickness of 6 mm
(see Figure 2c) account for the measured disappearance of O2 . Even for equal burning rates, Sw =St Q 1, a 4-fold enhancement of the e¤ective di¤usion rate in tissue,
Dt =Dw Q 4, su‰ces.
Considering the fairly large uncertainties in the experimental data (see Figure 1), any
model will allow a fair variation of its parameters as suggested above. By the same
token, more elaborate models than the one considered here cannot be justified.
Finally, it should be mentioned that the reaction–di¤usion problem in chemical engineering is related to the present model.

7. Conclusions
In the present paper, we have described a long-standing paradox concerning the
delivery of oxygen to the tissues through the microvasculature. We presented experimental results that illustrate the paradox and performed calculations on a model that
provides a framework for possible resolutions. The calculations show that the discrepancies can be made to disappear if the various physical e¤ects involved are all
allowed to pull in the same direction. A di¤erent resolution is obtained if one considers the possible consequences of known phenomena like arteriolar pulsation,
which may power flow-assisted di¤usion in the interstitium. Such e¤ects can greatly
increase the apparent di¤usion rate of oxygen.
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