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Abstract

Gas exchange at the acinar level involves several physico-chemical phenomena within a complex geometry. A gas transport
model, which takes into account both the diffusion into the acinus and the diffusion across the alveolar membrane, is used to
understand gas mixing in realistic systems. It is first shown that the behaviour of the system, computed on model geometries in
3D, only depends on the topological structure of the acinus. Taking advantage of this property, a new efficient method based on
random walks on a lattice is used to compute gas diffusion in structures taken fromrealmorphological data. This approach shows
that, at rest, the human acinus efficiency is only 30–40%. These results provide a new evidence of the existence of diffusional
screening at the acinar level. This implies permanent spatial inhomogeneity of oxygen and carbon dioxide partial pressure.
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he notion of an “alveolar gas” is reinterpreted as a spatial average of the gas distribution. This model casts new lig
espiratory properties of other gas mixtures, such as helium–oxygen.
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. Introduction

The physiology of gas exchange in the pulmonary
cinus remains a challenging issue, as it involves var-

ous physico-chemical phenomena within a complex
eometry. For instance, in the distal regions of the lung,
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oxygen is transported towards the alveolar memb
both by convection and by molecular diffusion. O
gen then diffuses through the tissue membrane int
blood, where it is bound by hemoglobin. Several ph
cal parameters govern oxygen uptake at the acinar
such as air velocity in the near-to-terminal airwa
the diffusion coefficient of oxygen in air, the alveo
membrane permeability, the blood hemoglobin con
and its reaction rate with oxygen. Reciprocally, car
dioxide is discharged from the blood to the alveolar
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through diffusion across the membrane. It then diffuses
to the zone where convection becomes dominant, and
is lastly expelled from the lung. In all these processes,
the morphology of the system plays an essential role.
This paper focuses on the diffusive phase of acinar gas
transfer. In particular, it shows how the physics of dif-
fusion in a complex geometry can lead to important
partial pressure inhomogeneities in the alveolar gas.
Such inhomogeneities have strong physiological im-
plications, notably the need for vascular regulation at
the acinar level in order to match perfusion to diffu-
sion, thus complementing the matching of perfusion
to ventilation which operates on a larger geometrical
scale.

Lacking direct measurements of the distribution of
oxygen (or carbon dioxide) concentration in the ac-
inus, several mathematical models have been devel-
oped and studied by numerical simulations. The aim of
these models was to evaluate the simplest description,
that of a uniform mixture,the alveolar gas. In an early
model, incomplete intrapulmonary gas mixing was as-
signed to the finite diffusivity of oxygen, preventing
it to spread evenly in the acinus within an inspiration
(Scheid and Piiper, 1980). In this frame, the possible
non-uniformity of the oxygen concentration was called
stratification.

Later on, the respective roles of convection and
diffusion in the gas mixing process were examined
through numerical simulations (Paiva and Engel, 1985,
1987; Dutrieue et al., 2000; Tawhai and Hunter, 2001).
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trance than in the more distal regions. If the membrane
permeability is large, O2 molecules are absorbed at the
very first hits. As a consequence, part of the surface is
not active for absorption (Sapoval et al., 2002a; Felici
et al., 2003). Note that the existence of concentration
gradients in the acinus, due to the serial arrangement of
alveoli along the pathways, was suggested byWeibel
(1984).

Even in a simplified model of the acinus geometry,
computing the effects of screening in 3D by solving the
diffusion equation through finite elements techniques
would require a mesh of at least several hundred thou-
sands points, and more likely several million points. In
this paper, we show that screening effects can however
be accurately evaluated by using a new method (lattice
random walk), since the diffusion process primarily de-
pends on the branching pattern, or skeleton topology,
of the acinus.

More precisely, in a first step, we show that in a
3D branched geometry, the mathematical model intro-
duced bySapoval et al. (2001)is equivalent to a ran-
dom walk simulation on the same topological structure
(Felici et al., 2004) (this approach is currently called
a renormalization method in statistical physics). The
equivalence only needs a calibration step which can
be performed by comparing complete numerical solu-
tions of the diffusion problem with its equivalent ran-
dom walk formulation. This calibration can be realized
on systems of similar geometrical complexity but of
smaller sizes. The prototype geometry chosen for this
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hese studies showed that concentration gradients
xist as a consequence of efficient capture of oxy
y hemoglobin, the permeability of the alveolar me
rane being considered as infinite.

More recently, it has been shown that, even fo
nfinite capture rate of oxygen by hemoglobin, the
ite membrane permeability plays a dominant rol

he effective properties of the acinus (Sapoval et al
002a). Not only concentration gradients persist a
n infinite time, but also the morphometry of the

nus is directly related to the value of the membr
ermeability.

The existence of concentration gradients is du
he phenomenon known asdiffusional screening. Dif-
usional screening (sometimes referred as diffusi
imitation), means that O2 molecules entering the d
usion unit (the subacinus) have a large probabilit
it the surface of the alveolar membrane near the
rocedure is a model acinus proposed byKitaoka et al
2000), which can be implemented in different size

Once this calibration done, the real (large) s
em behaviour can be recovered by simulations
ree-like lattice that reproduces the acinus morp
gy. This allows to easily perform simulations on la

hree-dimensional systems that could not be consid
therwise. Moreover, this method can be used
ompute the efficiency of real human acini by consi
ng branched latticesdesigned from real morphologie.

Fig. 1 summarizes our approach. A real hum
cinus is shown inFig. 1a. This complex morpho
gy has been modelized byKitaoka et al. (2000)as
space-filling 3D branching structure, as show

ig. 1b. Fig. 1c andFig. 1d show the branching pa
erns (or topologies) of the real system (Haefeli-Bleue
nd Weibel, 1988) and of Kitaoka’s model of sam
ize. To calibrate the random walk method or “skele
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Fig. 1. (a) Silicon cast of a human pulmonary acinus (courtesy of E.R. Weibel). (b) Example of a 3D Kitaoka model of a human subacinus. In
this model, each elementary cubic unit represents an alveolated duct decorated with eight alveolae. It has a size� = 0.5 mm corresponding to
two alveola diameters. The overall size of the model that would correspond to a human 1/8-subacinus is thusL = 6�. (c) Branched pattern of a
human subacinus (Haefeli-Bleuer and Weibel, 1988). (d) Branched pattern of the Kitaoka geometry shown in (b).

method”, we apply it to Kitaoka geometries of smaller
sizes and compare it with the complete numerical solu-
tion of the diffusion problem, which can be performed
for these small systems. After this calibration, we then
apply the skeleton method to real human acini by using
the branching patterns recorded in literature.

2. Methods

2.1. The mathematical description of the oxygen
transport in the acinus

We consider a simplified mathematical description
of the oxygen partial pressure distribution in the acinus,
introduced bySapoval et al. (2002a). Due to the rapid
decrease of the convection velocity in the branched

structure of the acinus, the transition from convective to
diffusive transport can be considered as abrupt. At rest,
it occurs at the 1/8-subacinus entry (Haefeli-Bleuer and
Weibel, 1988). In our model, the only transport mecha-
nism for oxygen in the most peripheral airways is then
molecular diffusion. The oxygen partial pressure inside
the subacinus,PO2(�x), obeys the diffusion equation. In
the stationary state, this reads:∇2PO2(�x) = 0, where
∇2 represents the Laplace operator. The source of dif-
fusion is set at the entry of the subacinus; this means
that, at the entry, the oxygen partial pressure is equal
to a constant value,Pentry

O2
. The oxygen current density

�J inside the acinar volume is given by Fick’s law:

�J = −DO2
�∇CO2(�x) (1)

whereDO2 is the diffusion coefficient of oxygen in
air, CO2(�x) is the oxygen concentration (concentration
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and partial pressure only differ by a constant factor
k= 0.58× 10−7 mol cm−3 mmHg−1), and�∇ is the gra-
dient operator.

The oxygen partial pressure in the blood,Pblood
O2

,
depends in a non-trivial way on the reactivity of
hemoglobin and the partial pressure distribution in
the acinusPO2(�x). As a first approximation, we con-
siderPblood

O2
as constant. Let us definẽPO2(�x) as the

difference between oxygen partial pressure in alve-
olar air and in blood:P̃O2(�x) = (PO2(�x) − Pblood

O2
),

with Pblood
O2

constant. The membrane permeabilityWO2

characterizes how the diffusion current density across
the membrane is related to the partial pressure differ-
ence across this membrane:

J = kWO2(PO2(�x) − Pblood
O2

) = kWO2P̃O2(�x) (2)

Imposing the conservation of the current density across
the membrane leads to the following boundary condi-
tion (�n being the normal direction out of the alveola):

−DO2

∂P̃O2

∂n
= WO2P̃O2 (3)

The mathematical model therefore is constituted of
the following set of equations (Laplace equation and
boundary conditions):



∇2P̃O2 = 0 inside the acinus

∂P̃O2

∂n
= − 1

ΛO2

P̃O2 at the alveolar surface (4)
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is equal toS/L, L being the subacinus diameter. This
ratio, called thesurface perimeterand denoted byLp,
corresponds to the average length of a planar cut of the
alveolar surface. For Kitaoka’s geometries of sizeL, the
surface perimeterLp is of order 8(L/�)2� as each cubic
elementary unit contains 8 alveolae, each of perimeter
length�.

The fact that the purely physico-chemical length
ΛO2 is related to acinus morphological dimensions in-
troduced the notion that screening could play a role
in mammal’s respiration (Sapoval, 1994). If the acinus
perimeter were too large, then the conductance would
be dominated by diffusion effects and a large part of
the surface would be inactive. This is the reason why
the lungs have to be divided in a large number of small
acini (Sapoval et al., 2001, 2002b). Actually, whatever
their size,all mammalian acini perimeters are of order
ΛO2 (between 15 and 30 cm). In the human lung, the
physical lengthΛO2 is around 28 cm and the morpho-
metrical data on human acini give:Lp �S/L� 30 cm.
These two lengths are very close indicating that screen-
ing is a critical issue for the human respiration (Sapoval
et al., 2002a).

The flux across the alveolar membrane is given by:

Φ =
∫

acinar surface
kWO2P̃O2(�x) dS (6)

In order to quantitatively measure the diffusional
screening, one can define a system efficiencyη, as the
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Φ

P̃O2 = P̃
entry
O2

at the acinus entrance

ith P̃
entry
O2

defined as:

˜ entry
O2

= P
entry
O2

− Pblood
O2

(5)

he parameterΛO2 in Eq. (4), defined as the ra
io of the diffusion coefficient of oxygen in air
he membrane permeability with respect to oxyg

O2 ≡ DO2/WO2, is called theunscreened perimet
engthor theexploration perimeterfor oxygen. This
arameter plays an important role in the gas exch
rocess because, depending on its value, diffus
creening may or may not occur for a given sys
eometry.

For an acinus of total surface areaS and overal
iameterL, the surface conductance isWO2S, wherea

he diffusional conductance to reach the surface
rderDO2L. When the two are equal, the lengthΛO2
atio of the real flux to the ideal flux obtained if
creening effects were present (infinite diffusivity
nfinite Λ):

(ΛO2) =
∫

acinar surfaceWO2P̃O2 dS

WO2P̃
entry
O2

S
(7)

his quantity is used to measure the fraction of
urface that is really active. It depends only on the
creened perimeter length and on the geometry o
ystem. For this reason, we explicitly indicate the
endence onΛO2 by puttingη = η(ΛO2). As defined

he efficiency measures the fraction of the acinar
ace that is really active for gas exchange. It is an
ortant quantity, as it affects the total oxygen uptak

he lung. Indeed, assuming that all acini are ident
he total oxygen flux in the lung can be written as:

lung = kNacη(ΛO2)WO2P̃
entry
O2

S (8)
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Fig. 2. Different views of oxygen partial pressure in the 3D Kitaoka model forL = 4� and for an unscreened perimeter lengthΛO2 = 256�.
Top: oxygen partial pressure is plotted in colour. Black lines are isolevels of the partial pressure. Bottom: oxygen partial pressure in different
planes within the 3D model.

whereNac is the total number of acini in the lung and
k is the above defined constant relating concentration
and partial pressure. Now, the product ofNac by S is
the total alveolar surface area in the lung,Slung. So,
besides the physical parameterWO2, the total flux is
directly proportional to the alveolar surface area and to
the acinus efficiencyη(ΛO2).

Note that, since the efficiency grows with unscr-
eened perimeter length, it decreases with permeability.
The global flux depends then on the permeability of the
membrane in a non-trivial way. This is important for the
case of carbon dioxide, to be discussed further, which
behaves very differently from oxygen, as the perme-
ability of the acinar membrane for carbon dioxide is 20
times higher than for oxygen.

2.2. Solution of the problem in a model 3D
geometry

We have applied the mathematical description given
by Eq.(4) to a three-dimensional Kitaoka model acinus
(Kitaoka et al., 2000). Kitaoka’s algorithm generates

intra-acinar pathways in a semi-stochastic way. The re-
sulting three-dimensional labyrinths show a mostly di-
chotomous branched structure with space-filling prop-
erties. The acinar volume is schematized as a cube of
sideL, the alveolar ducts having a constant square sec-
tion of side�. To obtain the human 1/8-subacinus, as
described byHaefeli-Bleuer and Weibel (1988), one
must takeL= 3 mm and� = 0.5 mm, henceL = 6�

(seeFig. 1b).
Eq.(4) is solved through the finite elements method

(FEM) on tetrahedral meshes. For this, a FEM solver in
C has been written, whereas the meshes are generated
by the commercial softwaresimail.1 Unfortunately, the
human subacinus is too large for this computation: a
sufficiently refined mesh (tetrahedron side of the order
of �/20) would require millions of points. Still, a com-
plete numerical solution can be computed for Kitaoka
geometries of sizeL = 3� andL = 4�.

The oxygen partial pressure in a Kitaoka acinus of
sizeL = 4� and surface perimeterLp � 128� (see ear-

1 Softwaresimail, Companysimulog, http://www.simulog.fr.

http://www.simulog.fr/
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Fig. 3. The efficiencyη as a function of the unscreened perimeter
lengthΛ for Kitaoka 3D models, forL = 3� andLp ≈ 72� (circles)
andL = 4� andLp ≈ 128� (squares). Filled symbols: direct numer-
ical solution of the mathematical model; open symbols: solutionηd

by the skeleton method after calibration.

lier) is shown inFig. 2 for an unscreened perimeter
lengthΛO2 = 256�. As one can see, the oxygen partial
pressure is far from uniform. In this case, the efficiency
η is 51%.

A plot of the efficiencyη(ΛO2) is presented inFig. 3
(filled symbols). The efficiency varies as a power law
for ΛO2 < Lp and slowly approaches 1 forΛO2 
 Lp.
Note that, for a given value ofΛO2, the efficiency in-
creases with decreasing acinus size: optimization of
diffusional transport requires a small size. This result
had already been asserted from numerical simulations
in 2D (Felici et al., 2003) and is now confirmed for 3D
systems.

2.3. The “skeleton method”

In the skeleton method, molecular diffusion is repre-
sented by random walks in a coarse-grained geometry.
The skeleton of a 3D branched system can be defined
as a tree with 1D branches, each branch representing
an alveolar duct. Putting one site per unit distance�, �

being the ducts diameter, one obtains a branching lat-
tice.Fig. 4illustrates this procedure in the case of a 2D
branched system.

Molecular diffusion of oxygen is simulated by a
superposition of random walks on the lattice, starting
from the entry. It is known that diffusion is the result

Fig. 4. Illustration of the skeleton method in 2D. Top: a bidimen-
sional branched system (Kitaoka 2D model forL = 10�). Center: a
skeleton is generated from the model. Sites are placed successively,
at intervals equal to the duct diameter. For each site, one can define a
coordination numbern (number of lattice sites connected to the site
itself). The number of absorbing walls surrounding a site is equal to
4−n in 2D, and to 6−n in 3D. Bottom: the 2D skeleton.
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of the many collisions of molecules causing random
motion in space. Thus, a great number of particles per-
forming a random motion behave like a diffusing gas.

Absorption by the alveolar walls is included in the
model. The walker moves along the tree or from site to
walls, as follows: (i) one of the six directions of space
(forward/backward, left/right, up/down) is chosen at
random; (ii) if there is a neighbouring lattice site in
this direction, the move is effective; (iii) otherwise, the
walker collides with a wall site and is either absorbed
with probabilityσ (and the walk ends) or reflected with
probability (1− σ) to its original site and the walk goes
on (Fig. 4).

The average occupation number of a lattice sitei, ki ,
is defined as the average number of times this site has
been visited by a walker. To represent the oxygen mean
concentration in a site, we considerKi =ki /k0, k0 being
the average occupation number of the entry site. The
efficiencyηd of the system (“d” stands for discrete) can
be defined as:

ηd =
∑

iKisi∑
isi

(9)

2.4. Comparison between finite elements method
and the skeleton method for Kitaoka’s model acini

We have applied the skeleton method to the
branched systems corresponding to the Kitaoka model
acini of sizeL = 3� and L = 4� and computed the
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plied to real morphologies, as it only requires the
knowledge of their branching patterns. These patterns
have been provided by the systematic studies of human
acini byHaefeli-Bleuer and Weibel (1988).

3. Results

3.1. Diffusional screening in real human acini

We have considered eight examples of human
subacini. The morphology was as described byHaefeli-
Bleuer and Weibel (1988)(seeFig. 5). We designed the
branched lattice with a lattice constant� of 0.46 mm.
The lengths of the alveolar ducts were rounded off to
integer multiples of� and the corresponding number
of sites were associated to the branches. The alveolar
surface of these subacini was in between 649�2 and
1193�2.

Fig. 6 is a plot of the efficiency versus the un-
screened perimeter length, computed by the skeleton
method. The spread of the eight curvesη(Λ) reflects
the anatomical variability (one has to recall thatη is a
decreasing function of the acinar surface). For the hu-
man subacinus (ΛO2 = 600� = 30 cm), the efficiency
ranges from 20 to 40%. Average of 32% and relative
variation of mean is 0.16. Screening is then effective
at rest. Schematically, the acinus behaves as if only
one third of its total alveolar surface wastotallyactive,
i.e. with the partial pressure maximal and equal to the
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nds that the probabilityσ (parameter of the absor
ion in the skeleton method) is simply proportiona
/Λ: �/Λ = c/σ, c being a constant factor found
e equal to 1.3. This number is not size sensitive
as been found to remain the same among 20 diff
ealizations of Kitaoka’s geometries. The result of
alibration is shown inFig. 3whereη is plotted in filled
ndηd in open symbols.

The skeleton method allows then to obtain g
uantitative results through much simpler and fa
umerical simulations than the direct computation

hree-dimensional geometries. For one value ofΛ, the
irect computation may take around 1 hour when
andom walk computation would take around 1 m
ut, most importantly, this method can easily be
ntrance partial pressure.
The oxygen flux is proportional to the product

he efficiency by the alveolar surface area. Thus
hough the relative variation in efficiency among
ight subacini is of the order 0.16, the flux variat

s only of the order 0.08. The global efficiency of
cinus, i.e. the ratio of the total flux to the total surf
rea, is 30%.

For convenience, the efficiency may be schem
ally described in terms of a fraction of surface work
niformly and the remaining not working at all. But

he real system, there is a smooth distribution of pa
ressure, decreasing from the entrance of the a

o the last generations of branching. If one comp
he amount of surface that is responsible for 90% o
lobal oxygen flux for one subacinus withη = 39%, the
esult is 79% of the acinar surface. The reason is
n a tree structure, most of the surface is generate
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Fig. 5. Eight examples if the branching pattern of a human acinus (Haefeli-Bleuer and Weibel, 1988). The 1/8-human subacini are shown.

the last generations of branching. Their contribution to
the flux is important, even though the partial pressure
is reduced by screening.

The above results apply to breathing at rest. Dur-
ing exercise, the convection–diffusion transition occurs
deeper in the subacinus because of the increase of the

Fig. 6. Efficiency as a function ofΛ for the eight branching patterns
of Fig. 5as obtained through the skeleton method. The value ofΛ/�

in the human acinus is equal to 600.

inlet velocity of air (Sapoval et al., 2002a). In our pic-
ture, this implies that, instead of being at the entry, the
source of diffusion is located inside the acinus. The
diffusive cell is then smaller—and consequently more
efficient—than at rest.

3.2. Generalization of the model to other gas
mixtures

The model presented above holds for any gas mix-
ture. Indeed, Eqs.(4) and (5)are valid for any respi-
ratory gas, i.e. any gas permeating the alveolar mem-
brane. The unscreened perimeter length for a respira-
tory gasX is defined by:

ΛX = DX,B

WX

(10)

whereWX is the permeability of the alveolar membrane
for gasXandDX,B is the binary diffusion coefficient of
the gasX in the gas mixtureB. The global flux ofX is:

ΦX = kWXη(ΛX)P̃entry
X Slung (11)

It is proportional to the partial pressure difference
P̃

entry
X = P

entry
X − Pblood

X and to the productWXη(ΛX),
which is a non-trivial function ofDX,B andWX.
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Table 1
Parameters and computed quantities for different gas mixtures in a Kitaoka model acinus of sizeL = 6�

DX
a (cm2 s−1)

(data)
WX

b (cm s−l )
(data)

ΛX (cm)
(data)

η(ΛX)
(simulation)

WXη(ΛX) (cm s−l )
(simulation)

µ(ΛX)
(simulation)

O2 in air 0.19 0.79× 10−2 25 0.33 0.26× 10−2 0.42
CO2 in air 0.17 0.16 1.0 0.04 0.64× 10−2 0.06
O2 in Heliox 0.73 0.79× 10−2 92 0.60 0.47× 10−2 0.67
CO2 in Heliox 0.61 0.16 3.8 0.09 1.12× 10−2 0.12
CO2 in O2 0.15 0.16 0.94 0.03 0.48× 10−2 0.05

Heliox® is a 79% He–21% O2 mixture.
a Reid et al. (1987).
b Weibel et al. (1993).

In this context, it is useful to define the zero-
dimensional variableu(ΛX):

u(ΛX) = P̃X

P̃
entry
X

with P̃X = PX − Pblood
X (12)

Using this new variable in Eq.(4), one has:



∇2u(ΛX) = 0 inside the acinus
∂u(ΛX)

∂n
= − 1

ΛX

u(ΛX) at the alveolar surface

u(ΛX) = 1 at the entry

(13)

whereas Eq.(7) reads:

η(ΛX) = 1

S

∫
acinar surface

u dS (14)

Solving the set of Eq.(13), one finds the spatial dis-
tribution of u(ΛX) in the alveolar volume (see, for in-
stance,Fig. 2). This is in general not uniform and can
be strongly inhomogeneous for smallΛX. Let us define
µ(ΛX) as the average value ofu(ΛX) over the acinar
volumeV:

µ(ΛX) = 1

V

∫
acinar volume

u dV (15)

Note thatη(ΛX) andµ(ΛX) are different as they are
related to, respectively, the average flux and the average
pressure.

Fromµ(ΛX), one obtains the average partial pres-
sure ofX in the acinar volume,〈PX〉alv, by:

〈
E for
c x
( he

results of simulations on one representative subacinus
are presented inTable 1.

The comparison between oxygen and carbon diox-
ide in air is interesting. The diffusivitiesD in air are
approximately the same for O2 and CO2, whereas the
membrane permeability is much larger for CO2 (ca.
20×), due to the higher solubility of carbon dioxide in
aqueous solutions. As a consequence, the unscreened
perimeter lengthΛ is smaller for CO2 and the acinus
is much lessefficient for CO2 clearance than for O2
uptake. The net result is that the fluxper unit partial
pressure differencefor CO2 (proportional toη(Λ) ×W)
is not 20 times but only 2.5 times larger than the cor-
responding value for O2 (see Eq.(11)). One can note
thatµ(Λ) follows in first approximationη(Λ).

The two cases are illustrated inFig. 7. The O2 and
CO2 partial pressure distributions in a two-dimensional
Kitaoka model acinus are compared forΛO2 = 800�
andΛCO2 = (1/20)ΛO2. As one can see, the CO2 par-
tial pressure is uniform and maximal (i.e. at equilib-
rium with blood) in most of the volume,̃PCO2 being
appreciably different from zero only near the entry.

Let us now consider the case of Heliox® in which
oxygen is mixed with helium instead of nitrogen. Col-
lisions against the lighter molecules are less efficient
for scattering, so that the oxygen diffusion coefficient
is larger in this mixture than in air. This increases the
unscreened perimeter length, whereas the permeability
remains constant. Efficiency increases by a factor of 2.
Similarly, the replacement of N2 by He favours carbon
d

ion
s d
o een-
i t
PX〉alv = Pblood
X + µ(ΛX)(Pentry

X − Pblood
X ) (16)

qs. (13)–(15)have been solved for oxygen and
arbon dioxide in different gas mixtures: air, Helio®

a 21% O2–79% He mixture) and pure oxygen. T
ioxide clearance (see clinical examples further).
In the case of pure oxygen breathing, diffus

creening is absent.̃PX is maximal everywhere, an
xygen uptake is increased. However, diffusion scr

ng is present for CO2, as the diffusion coefficien
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Fig. 7. Oxygen and carbon dioxide distribution in a two-dimensional Kitaoka acinus. Left: oxygen partial pressurePO2(�x) for ΛO2 = 800�;
right: carbon dioxide partial pressurePCO2(�x) for ΛCO2 = 40�. In most of the acinus, the CO2 partial pressure is very close to the blood CO2

partial pressure and the flux is very small. The active region (where the gradient is different from zero) is located near the entrance (lower left
corner), as for oxygen, but it is much smaller.

DCO2,O2 differs little fromDCO2,air, and all other quan-
tities are the same as in air.

3.3. There is no such thing as a “uniform alveolar
gas”: a new physiological model for the
pulmonary acinus

In respiratory physiology, a commonly used con-
cept is that of an “alveolar gas” characterized by uni-
form partial pressures of the different gases. Although
the above considerations show that the distribution of
oxygen and carbon dioxide are not homogeneous in the
acinus, we now show that the notion of a “uniform alve-
olar gas” may be interpreted in terms of space averages.
Indeed, the spatial average of the partial pressure over
the acinar volume (obtained with Eqs.(13) and (14)),
is usually close to the pressure generally accepted for
the (uniform) alveolar gas.

In order to obtain the averages, one must choose
values of the partial pressures at the input and out-
put of the lung compartment. One may assume for the
partial pressures at input those in the mouth:P

entry
O2

=
150 mmHg andPentry

CO2
= 0.3 mmHg. This gas is satu-

rated with water vapour.
At the output, one must choose the blood partial

pressures, which we suppose uniform. In the mixed
venous blood, which is pumped by the heart to the

alveoli, the CO2 partial pressure varies between 43
and 47 mmHg: we choose the mean valuePblood

CO2
=

45 mmHg. Lastly, we assume that the O2 and CO2
fluxes are equal, as they must be in the steady state.
Using Eq.(11), this gives:

P̃
entry
O2

P̃
entry
CO2

= WCO2η(ΛCO2)

WO2η(ΛO2)
= 2.5 (17)

Given P
entry
O2

, P
entry
CO2

and Pblood
CO2

, Eq. (17) yields for

Pblood
O2

the valuePblood
O2

= 38.5 mmHg. Remarkably,
this value, obtained from a screening theory, is very
close to the measured value in the mixed venous blood
which is around 40 mmHg.

Using Eqs.(16) and (17), one finds:〈PO2〉alv =
86 mmHg and〈PCO2〉alv = 42 mmHg. These are not
far from the values generally accepted for the uniform
“alveolar gas”. In our model, they are averages over
an inhomogeneous distribution, directly related to the
existence of screening throughµ(ΛX).

The general agreement between the partial pressures
in the two models leads us to propose a new physiolog-
ical model for the acinus, in whichPO2(�x) decreases
smoothly fromP

entry
O2

= 150 mmHg at the subacinus
entry to a minimum of 40 mmHg in the less accessible
regions of the system (Fig. 8).
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Fig. 8. Scheme of the subacinus at work. Oxygen is depicted in blue and carbon dioxide in brown. The oxygen partial pressure is maximal at
the entry of the subacinus. It decreases smoothly towards the distal regions of the acinar volume, because of diffusional screening. In contrast,
carbon dioxide is rather homogeneously distributed in the acinar volume except for a small region near the entry.

In spite of its simplified description, this physical
model of the diffusion in the subacinus yields partial
pressures and fluxes that are close to the measured val-
ues. In order to obtain more precise estimations, one
should reconsider the approximations that have been
made. The main approximation concerns pulmonary
capillary blood, which is treated as auniform and
infinite buffer for oxygen. In particular, hemoglobin
saturation is not taken into account. For this reason,
the screening effect is somewhat overestimated. How-
ever, although the saturation of hemoglobin would con-
tribute to reduce the screening effects (Keener and
Sneyd, 1998), it will not cancel as was shown in a 2D
Kitaoka’s acinus (Felici, 2003). Furthermore, it would
contribute to increase〈PO2〉alv above 86 mmHg. In or-
der to study these effects, one should be able to mod-
elize the oxygen–hemoglobin binding dynamics and
blood flow distribution in the acinus. Note also that the
convection–diffusion transition has been dealt with in
a very approximate way, as being abrupt and located at
the subacinus entry.

4. Discussion

The very existence of diffusional screening at the
acinar level and the corresponding intra-acinar het-
erogeneity in oxygen partial pressure have several
possible consequences or applications, as exemplified
further.

4.1. Respiratory flexibility and reserve

The suboptimal character that diffusional screen-
ing confers to the acinus as a gas exchanger can be
viewed negatively. It can also be viewed as protective,
providing, so to speak, a readily available “respiratory
reserve”. During exercise for instance, the distal dis-
placement of the convection–diffusion transition that
is due to the higher ventilatory flow decreases the mag-
nitude of screening or even suppresses it, therefore im-
proving acinar efficiency. Conversely, the respiratory
flexibility between rest and exercise would be limited
if the acini were already fully efficient at rest. This is
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the case, as mentioned earlier, for small acini. In new-
borns, the acini are small (Osborne et al., 1983) and thus
probably maximally efficient at rest. This could explain
the development of cyanosis during crying, their sole
form of “exercise” (understood as an increase of the
oxygen demand). The same type of consideration may
apply to some pathological conditions. In certain forms
of pulmonary edema, the deterioration of the alveolar
membrane results in a diminished permeabilityWX,
and thus in an increasedη(ΛX). As the flux per unit
partial pressure difference is proportional toWXη(ΛX),
the decrease inWX is partially compensated by the in-
crease inη(ΛX). This is true only if screening is present.
Whenη approaches 1 (negligible screening), the net
flux decreases and becomes directly proportional to the
permeability. Screening could thus have a “protective”
effect in delaying the occurrence of hypoxemia when
the alveolar membrane deteriorates.

4.2. Regulation of pulmonary perfusion

Following the early work ofVon Euler and Liljes-
trand (1946), it is now well established that acute alve-
olar hypoxia induces pulmonary vasoconstriction. By
reducing blood flow in underventilated areas, hypoxic
vasoconstriction preserves the ventilation–perfusion
equilibrium (limitation of the extent of shunted ter-
ritories) and thus maintains the arterial oxygen par-
tial pressure. Several modulatory factors are known,
both endogenous (for instance, the sensitivity of the
p
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available for oxygen diffusion. Hence, the ratio of the
acinus total surface areaSto the acinus overall diameter
L, or surface perimeter (see Section2.1), overestimates
the functionalsurface perimeter actually available for
diffusion, and underestimates the computed efficiency
of the acinus. The effects of diffusional screening on the
performance of the acinus as a gas exchanger will thus
depend, in a given species and in given circumstances,
on the sensitivity of the pulmonary microvasculature to
hypoxia and on the efficiency of hypoxic vasoconstric-
tion. Concerning CO2, as the active region is located
at the entrance of the subacinus (seeFig. 7), a weaker
perfusion of the deeper regions would not affect the net
gas flow.

In the case of Heliox®, for which the oxygen transfer
efficiency is larger, one expects a more homogeneous
perfusion. Also, the outflow of CO2 in Heliox® would
not be strongly modified by the diffusion–perfusion
matching. For O2–SF6 and CO2–SF6, the active
zone for oxygen uptake would be reduced and
diffusion–perfusion matching would also be required
for the saturation of hemoglobin. In the case of venti-
lation of pure oxygen, perfusion matching is not appli-
cable.

4.3. Effects of the physical properties of gas
mixtures on gas exchange

For physiological or therapeutic purposes, oxygen
can be mixed with helium or other gases instead of ni-
t ure
a
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ulmonary vasculature varies between species (Elliott
t al., 1991)) and exogenous (e.g. carbon monox
Heistad and Wheeler, 1972) or hypothermia (Fan et al.
992)). Small arteries are particularly sensitive to
oxia. An acinar efficiency of about 30%, as compu
arlier, leading to the situation depicted byFig. 8, im-
lies distal oxygen partial pressures within the ac
s low as 40 mmHg (see earlier). This should most

ainly trigger hypoxic vasoconstriction, which wou
hus contribute to an acinar diffusion–perfusion ma
ng similar to the more global ventilation–perfus

atching. Indeed, in the absence of such a local r
ation, the proportion of blood not exposed to oxy
uring an inspiration would be much higher than
% figure that is considered normal. Of note, suc
iffusion–perfusion matching at the acinar level
onsequences on the above calculations. Indeed
cinar region that is subject to vasoconstriction is
rogen. This modifies both the viscosity of the mixt
nd the oxygen diffusivity. He–O2 and SF6–O2 repre-
ent extremes in these terms, the viscosity increa
n the sequence He–O2,2 air and SF6–O2, whereas th
iffusivity decreases. These changes interfere with

usional screening. With helium–oxygen, the scree
ffect is expected to decrease, due to a largerΛX, itself
ue to a larger oxygen diffusivity. With SF6–O2, on the

2 Helium–oxygen is used in clinical situations where a phy
ogical or a clinical benefit is anticipated from the reduction of
iscosity of the inhaled gas, in order to reduce the resistive wo
reathing. This is, for example, the case in tracheal stenosis,
evere asthma, or acute respiratory failure of chronic obstructiv
onary disease. In the latter two situations, the benefit may com
nly from a reduced inspiratory resistive work of breathing, but

rom a better emptying of pulmonary compartments with very s
ime constants, leading to a lesser degree of dynamic hyperinfl
nd hence of elastic work of breathing (Jolliet et al., 2003).
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contrary, the screening effect is expected to increase,
due to a lowerΛX due to a lower oxygen diffusivity.
Experimental data in the literature are compatible with
these predictions and therefore lend support to the re-
ality and relevance of acinar diffusional screening. For
example,Watson et al. (1987)observed, in mechani-
cally ventilated dogs kept underconstant ventilatory
conditions, that the alveolo-arterial oxygen gradient
AaO2 was smaller during helium–oxygen ventilation
than during air ventilation and SF6–O2 ventilation. In
normal rabbits undergoing ventilation through a low
bias flow oscillation system,Siddappa et al. (2003)
observed that substituting a 60% helium–40% oxy-
gen mixture to the baseline 60% nitrogen–40% oxy-
gen mixture reduced AaO2 by as much as 40%, at con-
stant ventilatory pattern. In exercising horses,Erickson
et al. (1995)observed an improvement in AaO2 un-
der helium–oxygen breathing that by far exceeded the
change expected from the higher ventilation permit-
ted at a given exercise level by the lower viscosity of
the gas. In humans, similar observations have been
reported bySchaeffer et al. (1999). In patients me-
chanically ventilated for acute severe asthma, these
authors observed a decrease in AaO2 from 216± 92
to 85± 44 mmHg when replacing nitrogen by helium
in the gas mixture, without any other intervention. In a
control group monitored during an equal period of time,
no change was observed. In most of the earlier studies,
no particular explanation was proposed for the helium-
related reduction in AaO2. Erickson et al. (1995)at-
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e ith
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in whom motivation for maximal exercise is uncontrol-
lable).

In the presence of helium-related acinar unscreen-
ing, the fall in AaO2 automatically comes with an
increased CO2 clearance. Indeed, in the study by
Siddappa et al. (2003), PaCO2 decreased as a func-
tion of helium concentration in the inhaled gas mixture,
even though ventilation remains constant.

Finally, it should be noted that the need for an ad-
equate diffusion–perfusion matching (see earlier) is
less important in the case of helium–oxygen than in
the case of air, because of the lower oxygen partial
pressure heterogeneity. This could be a useful feature
in certain pathological situations where abnormalities
of the structure and function of the pulmonary vas-
culature compromise hypoxic vasoconstriction. Con-
versely, under SF6–O2, diffusion–perfusion matching
is crucial for hemoglobin saturation.

5. Conclusions

The effects of diffusional screening in the human
pulmonary acinus have been studied numerically us-
ing a coarse-graining scheme inspired from a clas-
sical procedure in statistical physics. Lacking direct
experimental measurements of oxygen partial pres-
sure in the intra-acinar airways, the numerical study
of such processes is the only approach available. Of
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ributed this observation to a “more complete diffus
quilibration”. All these results are compatible w
cinar screening.

However, it should be noted thatBuono and Maly
1996)failed to observe any helium-related impro
ent in AaO2 at maximal exercise in trained athle

ven though the helium–nitrogen substitution resu
n an increased minute ventilation (up to 30 l/min). D
ng exercise, the convection–diffusion transition occ
eeper into the acinus (Sapoval et al., 2002a), so tha
fficiency is maximized and therefore becomes u
ponsive to helium. In this view, the discrepancy
ween humans at exercise (Buono and Maly, 1996) and
orses at exercise (Erickson et al., 1995) would mean

hat maximally exercising humans reach maximal
ar efficiency whereas horses do not (it may be

rained and motivated athletes can produce a ve
ory pattern closer to the maximum possible than ho
ourse, the accuracy of the results presented in
aper is limited by the fact that oxygen–hemoglo
inding is treated in a simplified manner and that
onvection–diffusion transition is considered as ab
t the entry of the subacinus. A rapid quantitative e
ation (Felici, 2003) shows that these two phenome
ould weakly affect the efficiency values compute
ur model, and would not change the general co
uences of the screening phenomenon.

We have shown that the acinus efficiency is de
ined by its branching pattern only. It is therefore p

ible to perform simulations on simplified tree-like
ices designed on the acinus branching pattern. Ran
alk simulations on such lattices give the same q

itative result as direct numerical computation of
olution of the diffusion equation in the correspond
D geometries. This approach allows one to com

he efficiency of real human acini much more easi
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The net result is that, at rest, the efficiency of the
human acinus is of order 30–40%. This is because the
partial pressure distribution in the subacinus is not ho-
mogeneous. It decreases from the entry to the deeper re-
gions, whereas carbon dioxide partial pressure is rather
high and homogeneous everywhere except at the entry.
This allows a reinterpretation of the notion of an uni-
form alveolar gas as being really a space average of
an inhomogeneous mixture. One should stress that the
existence of this inhomogeneity isnotthe consequence
of an insufficient diffusion velocity during inspiration.
Remarkably, the same theoretical frame applies quan-
titatively to both oxygen uptake and carbon dioxide
clearance. It permits to predict, without any adjustable
parameter, the value of the partial pressure of oxygen
in venous blood from the partial pressure of CO2.

The results of several experimental observations on
breathing different respiratory gases (Heliox®, air and
O2–SF6) are compatible with, or explained by the exis-
tence of screening which depends directly on the value
of the diffusivity of oxygen in these gases. Note that
the de-screening effect of Heliox® could give a hint
of why it may help patients, although it containsless
oxygen than pure oxygen. In fact, breathing pure oxy-
gen increases the oxygen uptake but does not help car-
bon dioxide clearance whereas, for Heliox®, the aci-
nus efficiency is increased forbothoxygen uptake and
carbon dioxide clearance. Again, the notion of uni-
form partial pressures gives only an average view of
the system, which cannot explain such phenomena as
t s of
b
t ts of
h efits
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iffu-
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images of the lung in relation to normal or pathologi-
cal morphology of the acinus.
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