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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 takerebmmorphological 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.
The notion of an “alveolar gas” is reinterpreted as a spatial average of the gas distribution. This model casts new light on the
respiratory properties of other gas mixtures, such as helium—oxygen.
© 2004 Published by Elsevier B.V.
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1. Introduction oxygen is transported towards the alveolar membrane
both by convection and by molecular diffusion. Oxy-

The physiology of gas exchange in the pulmonary gen then diffuses through the tissue membrane into the
acinus remains a challenging issue, as it involves var- blood, where itis bound by hemoglobin. Several physi-

ious physico-chemical phenomena within a complex cal parameters govern oxygen uptake atthe acinar level,
geometry. For instance, in the distal regions of the lung, such as air velocity in the near-to-terminal airways,
the diffusion coefficient of oxygen in air, the alveolar

- membrane permeability, the blood hemoglobin content
* Corresponding author. Tel.: +33 1 69 33 46 52; and its reaction rate with oxygen. Reciprocally, carbon
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through diffusion across the membrane. It then diffuses trance than in the more distal regions. If the membrane
to the zone where convection becomes dominant, andpermeability is large, @molecules are absorbed at the
is lastly expelled from the lung. In all these processes, very first hits. As a consequence, part of the surface is
the morphology of the system plays an essential role. not active for absorptiorSapoval et al., 2002a; Felici
This paper focuses on the diffusive phase of acinar gaset al., 2003. Note that the existence of concentration

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 mixturethe alveolar gasln 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, 1980In 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 simulation®&iva and Engel, 1985,
1987; Dutrieue et al., 2000; Tawhai and Hunter, 2001

gradients in the acinus, due to the serial arrangement of
alveoli along the pathways, was suggested\mibel
(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 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

These studies showed that concentration gradients mayprocedure is a model acinus proposeditaoka et al.

exist as a consequence of efficient capture of oxygen
by hemoglobin, the permeability of the alveolar mem-
brane being considered as infinite.

More recently, it has been shown that, even for an
infinite capture rate of oxygen by hemoglobin, the fi-
nite membrane permeability plays a dominant role in
the effective properties of the acinuSgpoval et al.,
20023. Not only concentration gradients persist after
an infinite time, but also the morphometry of the ac-
inus is directly related to the value of the membrane
permeability.

The existence of concentration gradients is due to
the phenomenon known difusional screeningDif-
fusional screening (sometimes referred as diffusional
limitation), means that @molecules entering the dif-
fusion unit (the subacinus) have a large probability to
hit the surface of the alveolar membrane near the en-

(2000) which can be implemented in different sizes.
Once this calibration done, the real (large) sys-
tem behaviour can be recovered by simulations on a
tree-like lattice that reproduces the acinus morphol-
ogy. This allows to easily perform simulations on large
three-dimensional systems that could not be considered
otherwise. Moreover, this method can be used to
compute the efficiency of real human acini by consider-
ing branched latticedesigned from real morphologies
Fig. 1 summarizes our approach. A real human
acinus is shown irFig. 1a. This complex morphol-
ogy has been modelized b¢itaoka et al. (2000)as
a space-filling 3D branching structure, as shown in
Fig. 1b. Fig. 1c andFig. 1d show the branching pat-
terns (or topologies) of the real systerugefeli-Bleuer
and Weibel, 198Band of Kitaoka’'s model of same
size. To calibrate the random walk method or “skeleton
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() (d)

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 lfas 8.Sinem corresponding to

two alveola diameters. The overall size of the model that would correspond to a human 1/8-subacinus is B#ugc) Branched pattern of a

human subacinusiaefeli-Bleuer and Weibel, 1988d) Branched pattern of the Kitaoka geometry shown in (b).

method”, we apply it to Kitaoka geometries of smaller structure of the acinus, the transition from convective to

sizes and compare it with the complete numerical solu- diffusive transport can be considered as abrupt. At rest,

tion of the diffusion problem, which can be performed itoccurs at the 1/8-subacinus entieefeli-Bleuer and

for these small systems. After this calibration, we then Weibel, 1988. In our model, the only transport mecha-

apply the skeleton method to real human acini by using nism for oxygen in the most peripheral airways is then

the branching patterns recorded in literature. molecular diffusion. The oxygen partial pressure inside
the subacinusPo, (x), obeys the diffusion equation. In
the stationary state, this read@?Poz(?c) =0, where

2 Methods V2 represents the Laplace operator. The source of dif-
fusion is set at the entry of the subacinus; this means

2.1. The mathematical description of the oxygen that, at the entry, thgmchyxygen partial pressure is gqual

transport in the acinus to a constant value?,, ™. The oxygen current density

J inside the acinar volume is given by Fick’s law:
We consider a simplified mathematical description - _ > -
ofthe oxygen partial pressure distribution in the acinus, = =D, VCo,(%) (1)
introduced bySapoval et al. (2002apue to the rapid ~ where Do, is the diffusion coefficient of oxygen in

decrease of the convection velocity in the branched air, Co,(x) is the oxygen concentration (concentration
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and partial pressure only differ by a constant factor is equal toSL, L being the subacinus diameter. This

k=0.58x 10~" mol cm 3 mmHg 1), andV is the gra- ratio, called thesurface perimeteand denoted by,
dient operator. corresponds to the average length of a planar cut of the
The oxygen partial pressure in the bloag§°, alveolar surface. For Kitaoka’s geometries of dizthe

depends in a non-trivial way on the reactlwty of surface perimetdr, is of order 8(./¢)?¢ as each cubic
hemoglobin and the partial pressure distribution in elementary unit contains 8 alveolae, each of perimeter
the acinusPoZ(?c). As a first approximation, we con- length.

sider PQ '°° as constant. Let us defingo,(¥) as the The fact that the purely physico-chemical length
dlﬁerence between oxygen partial pressure in alve- Ao, is related to acinus morphological dimensions in-
olar air and in blood: Poz(x) (Po,(x) — Pb'°°d) troduced the notion that screening could play a role
W|th PbIOOd constant. The membrane permeab”‘(b in mammal’s respiratiorﬂapoval 199” If the acinus

characterizes how the diffusion current density across Perimeter were too large, then the conductance would
the membrane is related to the partial pressure differ- be dominated by diffusion effects and a large part of

ence across this membrane: the surface would be inactive. This is the reason why
. bloo . the lungs have to be divided in a large number of small
J = kWo,(Po,(x) — Pg,"”") = kWo, Po,(x) 2 acini (Sapoval et al., 2001, 2002tActually, whatever

their size all mammalian acini perimeters are of order
Ao, (between 15 and 30 cm). In the human lung, the
physical lengthAo, is around 28 cm and the morpho-
metrical data on human acini givey ~ §L ~30cm.
These two lengths are very close indicating that screen-
ing is a critical issue for the human respirati@apoval

¢ etal., 2002p

The flux across the alveolar membrane is given by:

Imposing the conservation of the current density across
the membrane leads to the following boundary condi-
tion (2 being the normal direction out of the alveola):

d P02
on

The mathematical model therefore is constituted o
the following set of equations (Laplace equation and

- DOZ WOZ 2302 (3)

boundary conditions): .
. b = / kWo, Po,(x) dS (6)
VZPOZ =0 inside the acinus acinar surface
8}302 1. he alveol ; In order to quantitatively measure the diffusional
m Ao, Po, atthe alveolar surface (4) screening, one can define a system efficienas the
entry . ratio of the real flux to the ideal flux obtained if no
Po, = = P, at the acinus entrance . S T T
screening effects were present (infinite diffusivity or
with ﬁg’z‘"ydefined as: infinite A):
mentry _ pentry  pblood ~ Jadi tacdV0, P0, S
POz = POz o POzo0 (5) n(AOZ) - acmarvsvur aS entry (7)
02P02 S

The parameterdp, in Eq. (4), defined as the ra-
tio of the diffusion coefficient of oxygen in air to  This quantity is used to measure the fraction of the
the membrane permeability with respect to oxygen, surface thatis really active. It depends only on the un-
Ao, = Do,/ Wo,, is called theunscreened perimeter screened perimeter length and on the geometry of the
lengthor the exploration perimetefor oxygen. This ~ System. For this reason, we explicitly indicate the de-
parameter plays an important role in the gas exchangependence onlo, by puttingn = n(Ao,). As defined,
process because, depending on its value, diffusional the efficiency measures the fraction of the acinar sur-
screening may or may not occur for a given system face that is really active for gas exchange. It is an im-
geometry. portant quantity, as it affects the total oxygen uptake in
For an acinus of total surface ar&aand overall the lung. Indeed, assuming that all acini are identical,
diameterL, the surface conductancelié, S, whereas  the total oxygen flux in the lung can be written as:
the diffusional conductance to reach the surface is of

. ~entry
order Do, L. When the two are equal, the lengtiy, Plung = kNacn(Ao,)Wo, P, S (8)



M. Felici et al. / Respiratory Physiology & Neurobiology 145 (2005) 279—293 283

Fig. 2. Different views of oxygen partial pressure in the 3D Kitaoka modeLfer 4¢ and for an unscreened perimeter lengi, = 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.

whereNjac is the total number of acini in the lung and intra-acinar pathways in a semi-stochastic way. The re-
k is the above defined constant relating concentration sulting three-dimensional labyrinths show a mostly di-
and partial pressure. Now, the productNy; by Sis chotomous branched structure with space-filling prop-
the total alveolar surface area in the luSing. So, erties. The acinar volume is schematized as a cube of
besides the physical parame®#®,, the total flux is sideL, the alveolar ducts having a constant square sec-
directly proportional to the alveolar surface area and to tion of side¢. To obtain the human 1/8-subacinus, as
the acinus efficiency(Ao,). described byHaefeli-Bleuer and Weibel (1988pne
Note that, since the efficiency grows with unscr- must takeL =3 mm and¢ = 0.5mm, henceL = 6¢
eened perimeter length, it decreases with permeability. (seeFig. 1b).
The global flux depends then on the permeability ofthe  Eq.(4) is solved through the finite elements method
membrane in a non-trivial way. Thisisimportantforthe (FEM) on tetrahedral meshes. For this, a FEM solver in
case of carbon dioxide, to be discussed further, which C has been written, whereas the meshes are generated
behaves very differently from oxygen, as the perme- bythe commercial softwasemaiL.! Unfortunately, the
ability of the acinar membrane for carbon dioxide is 20 human subacinus is too large for this computation: a

times higher than for oxygen. sufficiently refined mesh (tetrahedron side of the order

of £/20) would require millions of points. Still, a com-
2.2. Solution of the problem in a model 3D plete numerical solution can be computed for Kitaoka
geometry geometries of sizé = 3¢ andL = 4¢.

The oxygen partial pressure in a Kitaoka acinus of
We have applied the mathematical description given sizeL = 4¢ and surface perimetdr, ~ 128/ (see ear-
by Eq.(4) to a three-dimensional Kitaoka model acinus
(Kitaoka et al., 200p Kitaoka’s algorithm generates 1 Softwaresmarr, CompanysiMuLog, http:/www.simulog.fr


http://www.simulog.fr/

284

1 P S et s SR
A= Lgx3x3= 36¢ M= L]
0.9 M‘O" . L

0.8 o e

0.7

- ® 3x3x3 n(A/l)
0.6 i 0 3x3x3 ny (c/o)

n ] u 4x4x4 n(A/)
05 n 0 4x4x4 14 (c/o)

A=Lp™=e4c

e

0.4 |

0.3
102

103
Allorco -1

104
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ical solution of the mathematical model; open symbols: solufpn
by the skeleton method after calibration.
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diffusional transport requires a small size. This result

had already been asserted from numerical simulations

in 2D (Felici et al., 2003and is now confirmed for 3D

systems.
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2.3. The “skeleton method”

Inthe skeleton method, molecular diffusionis repre- ? —I I
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 distafice
being the ducts diameter, one obtains a branching la
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

t- Fig. 4. lllustration of the skeleton method in 2D. Top: a bidimen-
sional branched system (Kitaoka 2D model foe= 10¢). Center: a
skeleton is generated from the model. Sites are placed successively,
atintervals equal to the duct diameter. For each site, one can define a
coordination numben (number of lattice sites connected to the site
itself). The number of absorbing walls surrounding a site is equal to
4—nin 2D, and to 6- nin 3D. Bottom: the 2D skeleton.
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of the many collisions of molecules causing random plied to real morphologies as it only requires the

motion in space. Thus, a great number of particles per- knowledge of their branching patterns. These patterns

forming a random motion behave like a diffusing gas. have been provided by the systematic studies of human
Absorption by the alveolar walls is included in the acini byHaefeli-Bleuer and Weibel (1988)

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 3. Results

random; (i) if there is a neighbouring lattice site in

this direction, the move is effective; (iii) otherwise, the 3.1. Diffusional screening in real human acini

walker collides with a wall site and is either absorbed

with probabilityo (and the walk ends) or reflected with We have considered eight examples of human

probability (1— o) to its original site and the walk goes  subacini. The morphology was as describetibgfeli-

on (Fig. 4). Bleuer and Weibel (198&%eeFig. 5). We designed the
The average occupation number of a latticeisitg branched lattice with a lattice constahbf 0.46 mm.

is defined as the average number of times this site hasThe lengths of the alveolar ducts were rounded off to
been visited by a walker. To represent the oxygen meaninteger multiples o and the corresponding number
concentration in a site, we considgr=k;/kg, ko being of sites were associated to the branches. The alveolar
the average occupation number of the entry site. The surface of these subacini was in between #648&nd
efficiencyngq of the system (“d” stands for discrete) can 11932

be defined as: Fig. 6 is a plot of the efficiency versus the un-
S Kisy screened perimeter length, computed by the skeleton
ng = = 9) method. The spread of the eight curvgst) reflects
Disi the anatomical variability (one has to recall thas a

decreasing function of the acinar surface). For the hu-
2.4. Comparison between finite elements method man subacinus{o, = 600¢ = 30 cm), the efficiency
and the skeleton method for Kitaoka’'s model acini ranges from 20 to 40%. Average of 32% and relative
variation of mean is 0.16. Screening is then effective

We have applied the skeleton method to the at rest. Schematically, the acinus behaves as if only
branched systems corresponding to the Kitaoka model one third of its total alveolar surface wigally active,
acini of sizeL = 3¢ and L = 4¢ and computed the i.e. with the partial pressure maximal and equal to the
efficiencynq as a function of . Using the results of  entrance partial pressure.
finite elements simulation of the diffusion equation, we The oxygen flux is proportional to the product of
were able to calibrate the skeleton method results. Onethe efficiency by the alveolar surface area. Thus, al-
finds that the probability (parameter of the absorp- though the relative variation in efficiency among the
tion in the skeleton method) is simply proportional to eight subacini is of the order 0.16, the flux variation
L/A: L/A = c/o, € being a constant factor found to is only of the order 0.08. The global efficiency of the
be equal to 1.3. This number is not size sensitive and acinus, i.e. the ratio of the total flux to the total surface
has been found to remain the same among 20 differentarea, is 30%.
realizations of Kitaoka’s geometries. The result of the For convenience, the efficiency may be schemati-
calibration is shown ifrig. 3wheren is plotted in filled cally described in terms of a fraction of surface working
andng in open symbols. uniformly and the remaining not working at all. But in

The skeleton method allows then to obtain good the real system, there is a smooth distribution of partial
quantitative results through much simpler and faster pressure, decreasing from the entrance of the acinus
numerical simulations than the direct computation on to the last generations of branching. If one computes
three-dimensional geometries. For one valuei pthe the amount of surface that is responsible for 90% of the
direct computation may take around 1 hour when the global oxygen flux for one subacinus wijlx 39%, the
random walk computation would take around 1 min. resultis 79% of the acinar surface. The reason is that,
But, most importantly, this method can easily be ap- in a tree structure, most of the surface is generated by
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Fig. 5. Eight examples if the branching pattern of a human acidasfeli-Bleuer and Weibel, 1988The 1/8-human subacini are shown.

the last generations of branching. Their contribution to inlet velocity of air Sapoval et al., 2002aln our pic-

the flux is important, even though the partial pressure ture, this implies that, instead of being at the entry, the

is reduced by screening.
The above results apply to breathing at rest. Dur- diffusive cell is then smaller—and consequently more

ing exercise, the convection—diffusion transition occurs efficient—than at rest.

deeper in the subacinus because of the increase of the

10°

Fig. 6. Efficiency as a function ot for the eight branching patterns
of Fig. 5as obtained through the skeleton method. The valut/éf

" & e 51 (n=79, S=640/? )
== 52 (N=87, $=697/%)
+e 53 (N=137, S=1193/%)
aa 54 (n=59, S=497/%)
4 55 (n=99, S=745/%)
> 56 (N=95, S=681/%)
vw 57 (n=111, $=949/%)
oo 58 (n=111, S=865/%)

’\02

in the human acinus is equal to 600.

source of diffusion is located inside the acinus. The

3.2. Generalization of the model to other gas
mixtures

The model presented above holds for any gas mix-
ture. Indeed, Eqq4) 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 s defined by:

Dx
Ax = — 10
x= (10)
whereWy is the permeability of the alveolar membrane
for gasX andDx g is the binary diffusion coefficient of
the gasXin the gas mixturd. The global flux ofX is:

®x = kWxn(Ax) Py Siung (11)

It is proportional to the partial pressure difference
MY = p"Y — pbleodand to the productxn(Ax),

which is a non-trivial function oDy g andWx.
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Table 1

Parameters and computed quantities for different gas mixtures in a Kitaoka model acinus/ofste
Dx? (cn?s™?) WP (cms™) Ax (cm) n(Ax) Wp(Ax) (cms™) 1(Ax)
(data) (data) (data) (simulation) (simulation) (simulation)

Oy in air 0.19 0.7% 1072 25 0.33 0.26< 1072 0.42

CO; in air 0.17 0.16 10 0.04 0.64x 102 0.06

O, in Heliox 0.73 0.7% 1072 92 0.60 0.4% 1072 0.67

CO; in Heliox 0.61 0.16 3B 0.09 1.12 1072 0.12

COzin O 0.15 0.16 ®4 0.03 0.48¢ 1072 0.05

Heliox® is a 79% He—21% @mixture.
2 Reid et al. (1987)
b Weibel et al. (1993)

In this context, it is useful to define the zero- results of simulations on one representative subacinus

dimensional variable(Ax): are presented ifiable 1
P The comparison between oxygen and carbon diox-
u(Ay) = %y with Py = Py — PRood  (12) ide in air is interesting. The diffusivitie® in air are
Py approximately the same forsand CQ, whereas the

membrane permeability is much larger for £@a.

Using this new variable in Ed4), one has: . I~ S
g d4) 20x), due to the higher solubility of carbon dioxide in

VZ2u(Ax) =0 inside the acinus aqueous solutions. As a consequence, the unscreened
ou(Ay) 1 perimeter lengthv is smaller for CQ and the acinus
“on _A_X“(AX) at the alveolar surfac3)  is much lessefficient for CQ clearance than for ©
u(Ay) =1 at the entry uptake. The net result is that the flper unit partial
pressure differenc®r CO;, (proportional tay(A) x W)
whereas Eq(7) reads: is not 20 times but only 2.5 times larger than the cor-
1 responding value for @(see Eq(11)). One can note
n(Ax) = g/ _ uds (14) that . (A) follows in first approximation(A).
acinar surface The two cases are illustrated fiig. 7. The @ and

Solving the set of Eq(13), one finds the spatial dis-  CO, partial pressure distributions in a two-dimensional
tribution of u(Ayx) in the alveolar volume (see, forin-  Kjtaoka model acinus are compared fap, = 800¢
stanceFig. 2). This is in general not uniform and can  and Aco, = (1/20)A0,. As one can see, the G@ar-
be strongly inhomogeneous for smal. Letus define tial pressure is uniform and maximal (i.e. at equilib-
n(Ax) as the average value afAx) over the acinar  rium with blood) in most of the volumePco, being

volumeV: appreciably different from zero only near the entry.
1 Let us now consider the case of Helfbin which
wax) = / , wdV (15) oxygen is mixed with helium instead of nitrogen. Col-
acinar volume

) lisions against the lighter molecules are less efficient
Note thatn(Ax) and u(Ax) are different as they are oy scattering, so that the oxygen diffusion coefficient
related to, respectively, the average flux and the averagejs |arger in this mixture than in air. This increases the

pressure. _ _ unscreened perimeter length, whereas the permeability
From u(Ax), one obtains the aa\ll\;arage partial pres- remains constant. Efficiency increases by a factor of 2.

sure ofX in the acinar volume(Px)", by: Similarly, the replacement of Nby He favours carbon

(Py) = P)tyood_'_ M(AX)(P;ntry_ P}I?Iood) (16) dioxide clearance (see clinical examples further).

In the case of pure oxygen breathing, diffusion
Egs. (13)—(15)have been solved for oxygen and for screening is absenPy is maximal everywhere, and
carbon dioxide in different gas mixtures: air, Heffox ~ oxygen uptake is increased. However, diffusion screen-
(a 21% OQ-79% He mixture) and pure oxygen. The ing is present for C@ as the diffusion coefficient
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Fig. 7. Oxygen and carbon dioxide distribution in a two-dimensional Kitaoka acinus. Left: oxygen partial pressiijefor Ao, = 800;

right: carbon dioxide partial pressuReo, (¥) for Aco, = 40¢. In most of the acinus, the Gpartial pressure is very close to the blood £O

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.

Dco,,0, differs little from Dco, air, and all other quan-  alveoli, the CQ partial pressure varies between 43
tities are the same as in air. and 47 mmHg: we choose the mean valbg3>! =
45mmHg. Lastly, we assume that the @nd CQ
fluxes are equal, as they must be in the steady state.

3.3. There is no such thing as a “uniform alveolar ; St
Using Eq.(11), this gives:

gas”: a new physiological model for the
pulmonary acinus

i,entry
| i hysiol | d % __ Weglico) _, g 17)
n respiratory physiology, a commonly used con- Zentry Wo,n(Aoy)

cept is that of an “alveolar gas” characterized by uni- ~ €2

form partial pressures of the different gases. Although

the above considerations show that the distribution of Given Pg';try, Pgnoztry and P25, Eq. (17) yields for
oxygen and carbon dioxide are not homogeneous in the pblood the value Pglood — 385mmHg. Remarkably,
acinus, we now show that the notion of a “uniformalve- - thjs value, obtained from a screening theory, is very
olar gas” may be interpreted in terms of space averages.cjose to the measured value in the mixed venous blood
Indeed, the spatial average of the partial pressure overyich is around 40 mmHg.

the acinar volume (obtained with Eq4.3) and (14), Using Egs.(16) and (17) one finds:(Po,)a" =
is usually close to the pressure generally accepted for gg mmHg and(Pco,)®" = 42 mmHg. These are not
the (uniform) alveolar gas. far from the values generally accepted for the uniform

values of the partial pressures at the input and out- 5 jnhomogeneous distribution, directly related to the
put of the lung compartment. One may assume for the existence of screening througifAx).

. . . 1l .
partial pressures at input those in the momﬁ;‘ V= The general agreement between the partial pressures
150 mmHg andoggy = 0.3mmHg. This gasis satu-  inthe two models leads us to propose a new physiolog-
rated with water vapour. ical model for the acinus, in whiclfo,(X) decreases

At the output, one must choose the blood partial smoothly from ng"yz 150 mmHg at the subacinus
pressures, which we suppose uniform. In the mixed entry to a minimum of 40 mmHg in the less accessible
venous blood, which is pumped by the heart to the regions of the systent{g. 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 4. Discussion
model of the diffusion in the subacinus yields partial
pressures and fluxes that are close to the measured val- The very existence of diffusional screening at the
ues. In order to obtain more precise estimations, one acinar level and the corresponding intra-acinar het-
should reconsider the approximations that have beenerogeneity in oxygen partial pressure have several
made. The main approximation concerns pulmonary possible consequences or applications, as exemplified
capillary blood, which is treated as wniform and further.
infinite buffer for oxygen. In particular, hemoglobin
saturation is not taken into account. For this reason, 4.1. Respiratory flexibility and reserve
the screening effect is somewhat overestimated. How-
ever, although the saturation of hemoglobinwould con-  The suboptimal character that diffusional screen-
tribute to reduce the screening effectéeéner and ing confers to the acinus as a gas exchanger can be
Sneyd, 1998 it will not cancel as was shown ina 2D viewed negatively. It can also be viewed as protective,
Kitaoka’s acinusfelici, 2003. Furthermore, itwould  providing, so to speak, a readily available “respiratory
contribute to increas(a"oz>a"’ above 86 mmHg. In or- reserve”. During exercise for instance, the distal dis-
der to study these effects, one should be able to mod- placement of the convection—diffusion transition that
elize the oxygen—hemoglobin binding dynamics and is due to the higher ventilatory flow decreases the mag-
blood flow distribution in the acinus. Note also that the nitude of screening or even suppresses it, therefore im-
convection—diffusion transition has been dealt with in proving acinar efficiency. Conversely, the respiratory
a very approximate way, as being abrupt and located atflexibility between rest and exercise would be limited
the subacinus entry. 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- available for oxygen diffusion. Hence, the ratio of the
borns, the acini are smalDgborne etal., 199&nd thus acinus total surface ar&o the acinus overall diameter
probably maximally efficient at rest. This could explain L, or surface perimeter (see Sect), overestimates
the development of cyanosis during crying, their sole thefunctionalsurface perimeter actually available for
form of “exercise” (understood as an increase of the diffusion, and underestimates the computed efficiency
oxygen demand). The same type of consideration may ofthe acinus. The effects of diffusional screening on the
apply to some pathological conditions. In certain forms performance of the acinus as a gas exchanger will thus
of pulmonary edema, the deterioration of the alveolar depend, in a given species and in given circumstances,

membrane results in a diminished permeabilit, on the sensitivity of the pulmonary microvasculature to
and thus in an increasef{Ax). As the flux per unit hypoxia and on the efficiency of hypoxic vasoconstric-
partial pressure difference is proportional¥gn(Ax), tion. Concerning C@ as the active region is located

the decrease iWy is partially compensated by the in-  at the entrance of the subacinus (§ég 7), a weaker
creaseim(Ax). Thisistrue only if screeningis present. perfusion of the deeper regions would not affect the net
Whenn approaches 1 (negligible screening), the net gas flow.

flux decreases and becomes directly proportionaltothe  Inthe case of Helio%, for which the oxygen transfer
permeability. Screening could thus have a “protective” efficiency is larger, one expects a more homogeneous
effect in delaying the occurrence of hypoxemia when perfusion. Also, the outflow of C&in Heliox® would

the alveolar membrane deteriorates. not be strongly modified by the diffusion—perfusion
matching. For @Q-Sks and CQ-SFs, the active

4.2. Regulation of pulmonary perfusion zone for oxygen uptake would be reduced and

diffusion—perfusion matching would also be required

Following the early work olon Euler and Liljes- for the saturation of hemoglobin. In the case of venti-

trand (1946)it is now well established that acute alve- lation of pure oxygen, perfusion matching is not appli-
olar hypoxia induces pulmonary vasoconstriction. By cable.

reducing blood flow in underventilated areas, hypoxic

vasoconstriction preserves the ventilation—perfusion 4.3. Effects of the physical properties of gas
equilibrium (limitation of the extent of shunted ter- mixtures on gas exchange

ritories) and thus maintains the arterial oxygen par-

tial pressure. Several modulatory factors are known,  For physiological or therapeutic purposes, oxygen
both endogenous (for instance, the sensitivity of the can be mixed with helium or other gases instead of ni-

pulmonary vasculature varies between spedidigoft trogen. This modifies both the viscosity of the mixture
et al., 199)) and exogenous (e.g. carbon monoxide and the oxygen diffusivity. He—and SkE—O; repre-
(Heistad and Wheeler, 19y@r hypothermiafan etal., sent extremes in these terms, the viscosity increasing

1992). Small arteries are particularly sensitive to hy- in the sequence He—(3 air and SE—O,, whereas the
poxia. An acinar efficiency of about 30%, as computed diffusivity decreases. These changes interfere with dif-
earlier, leading to the situation depictedBig. 8, im- fusional screening. With helium—oxygen, the screening
plies distal oxygen partial pressures within the acinus effect is expected to decrease, due to a largeritself
as low as 40 mmHg (see earlier). This should most cer- due to a larger oxygen diffusivity. With $FO;, on the
tainly trigger hypoxic vasoconstriction, which would
thus contribute to an acinar diffusion—perfusion match- ———— _ o .
. imilar to the more global ventilation—perfusion Helium—oxygen is used in clinical situations where a physio-
Ing Slr_m . g P logical or a clinical benefit is anticipated from the reduction of the
mgtchlng. Indeed,_ in the absence of such a local regu- yiscosity of the inhaled gas, in order to reduce the resistive work of
lation, the proportion of blood not exposed to oxygen breathing. This is, for example, the case in tracheal stenosis, acute
during an inspiration would be much higher than the severe asthma, oracute respiratory failure of chronic obstructive pul-
5% figure that is considered normal. Of note. such a monary disease. In the latter two situations, the benefit may come not
diffusi fusi tchi t th . | ’ | h only from a reduced inspiratory resistive work of breathing, but also
Ifusion—periusion matching a e qcmar evel has from a better emptying of pulmonary compartments with very slow
consequences on the above calculations. Indeed, th&jme constants, leading to a lesser degree of dynamic hyperinflation
acinar region that is subject to vasoconstriction is not and hence of elastic work of breathintp(liet et al., 2008
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contrary, the screening effect is expected to increase,

due to a lowerAy 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. (1987pbserved, in mechani-
cally ventilated dogs kept undepnstant ventilatory
conditions that the alveolo-arterial oxygen gradient
AaO, was smaller during helium—oxygen ventilation
than during air ventilation and $FO; ventilation. In
normal rabbits undergoing ventilation through a low
bias flow oscillation systemSiddappa et al. (2003)
observed that substituting a 60% helium-40% oxy-
gen mixture to the baseline 60% nitrogen—40% oxy-
gen mixture reduced Aaby as much as 40%, at con-
stant ventilatory pattern. In exercising hordesckson

et al. (1995)observed an improvement in Aa@in-

291

in whom motivation for maximal exercise is uncontrol-
lable).

In the presence of helium-related acinar unscreen-
ing, the fall in AaQ@ automatically comes with an
increased C@ clearance. Indeed, in the study by
Siddappa et al. (2003PaCQ 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 S0, diffusion—perfusion matching

der helium—-oxygen breathing that by far exceeded the is crucial for hemoglobin saturation.

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)n patients me-
chanically ventilated for acute severe asthma, these
authors observed a decrease in Adtdm 2164 92 The effects of diffusional screening in the human
to 85+ 44 mmHg when replacing nitrogen by helium pulmonary acinus have been studied numerically us-
in the gas mixture, without any other intervention. Ina ing a coarse-graining scheme inspired from a clas-
control group monitored during an equal period oftime, sical procedure in statistical physics. Lacking direct
no change was observed. In most of the earlier studies,experimental measurements of oxygen partial pres-

5. Conclusions

no particular explanation was proposed for the helium-
related reduction in Aa® Erickson et al. (1995at-
tributed this observation to a “more complete diffusion
equilibration”. All these results are compatible with
acinar screening.

However, it should be noted thBuono and Maly
(1996)failed to observe any helium-related improve-
ment in AaQ at maximal exercise in trained athletes
even though the helium—nitrogen substitution resulted
inanincreased minute ventilation (up to 30 I/min). Dur-
ing exercise, the convection—diffusion transition occurs
deeper into the acinuSépoval et al., 2002aso that
efficiency is maximized and therefore becomes unre-
sponsive to helium. In this view, the discrepancy be-
tween humans at exerciggy(ono and Maly, 1996and
horses at exercis&(ickson et al., 1996would mean
that maximally exercising humans reach maximal aci-

sure in the intra-acinar airways, the numerical study
of such processes is the only approach available. Of
course, the accuracy of the results presented in this
paper is limited by the fact that oxygen—hemoglobin
binding is treated in a simplified manner and that the
convection—diffusion transition is considered as abrupt
at the entry of the subacinus. A rapid quantitative eval-
uation elici, 2003 shows that these two phenomena
would weakly affect the efficiency values computed in
our model, and would not change the general conse-
guences of the screening phenomenon.

We have shown that the acinus efficiency is deter-
mined by its branching pattern only. It is therefore pos-
sible to perform simulations on simplified tree-like lat-
tices designed onthe acinus branching pattern. Random
walk simulations on such lattices give the same quan-
titative result as direct numerical computation of the

nar efficiency whereas horses do not (it may be that solution of the diffusion equation in the corresponding
trained and motivated athletes can produce a ventila- 3D geometries. This approach allows one to compute
tory pattern closer to the maximum possible than horses the efficiency of real human acini much more easily.
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The net result is that, at rest, the efficiency of the images of the lung in relation to normal or pathologi-
human acinus is of order 30—40%. This is because the cal morphology of the acinus.
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 ocknowledgements
high and homogeneous everywhere except at the entry.
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