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The transfer of oxygen from air to blood in the lung involves three
processes: ventilation through the airways, diffusion of oxygen in
the air phase to the alveolar surface, and finally diffusion through
tissue into the capillary blood. The latter two steps occur in the
acinus, where the alveolar gas-exchange surface is arranged along
the last few generations of airway branching. For the acinus to
work efficiently, oxygen must reach the last branches of acinar
airways, even though some of it is absorbed along the way. This
‘‘screening effect’’ is governed by the relative values of physical
factors like diffusivity and permeability as well as size and design
of the acinus. Physics predicts that efficient acini should be space-
filling surfaces and should not be too large. It is shown that the
mammalian acini fulfill these requirements, small mammals being
more efficient than large ones both at rest and in exercise.

To exchange oxygen and carbon dioxide, blood and air must
be brought into close contact over a large surface area, nearly

the size of a tennis court, in the human lung (1). For this process
to be efficient, an important consideration is how the blood
capillary units are arranged with respect to the airways. In the
commonly used model, the capillary network is wrapped around
the bubble-shaped terminal airway segments (Fig. 1a) so that all
gas-exchange units have identical characteristics, which is not
what is found. In the mammalian lung, the gas-exchange units are
arranged as lateral chambers, so-called alveoli, along about six to
nine of the most peripheral generations of the branched airway
tree, which form an acinus (1, 2) (Figs. 1b and 2b). Whereas all
capillary units are independently perfused with blood in parallel,
the ventilation of the alveoli along the acinar airways is in series,
some being close to the entrance and others at the periphery of
the airways (Fig. 1). Efficient gas exchange therefore depends
crucially on ensuring adequate oxygen supply to all capillary
gas-exchange units within the acinus, whether they be centrally
located near the entrance or deep at the periphery of the acinus.
This condition is important because, due to the dichotomous
branching mode, about half the gas-exchange surface of an
acinus is located in its last generation.

A number of problems must be noted that will affect the
efficiency of gas exchange in the lung:

Y As the airway tree branches by irregular dichotomy, the total
airway cross section increases exponentially as branching
progresses by generations (0 , Z , 23). As a consequence, air
f low velocity U falls as air moves deeper, until the air f low
velocity becomes smaller than the oxygen diffusion velocity in
air; this transition occurs about at the entrance of the airways
into the acinus (1, 3).

Y In the most peripheral or acinar airway generations (17 # Z #
23) (1, 2), oxygen diffuses into quasistatic air driven by the
gradient established by O2 extraction at the alveolar surface and
its transfer to the red blood cells in the capillaries (4).

Y As O2 diffuses along the acinar airways, it is progressively
extracted at the gas-exchange surface along the longitudinal
diffusion path (Fig. 1b). Meanwhile, the oxygen partial pressure
decreases. This process, referred to below as ‘‘screening,’’ is
important because it determines how much O2 reaches the

deepest alveoli, where the largest part of the gas-exchange
surface is located.

The Phenomenon of Diffusion Screening in Acinar Airways. Screening
is a classical phenomenon that occurs in systems that obey the
Laplace equation, the stationary form of the diffusion equation (5):

2C
x2 1

2C
y2 1

2C
z2 5 0. [1]

Here, screening means that part of the O2 that diffuses along
the acinar airway is absorbed on the alveolar surfaces along the
path, because a molecule starting at a diffusion source has a
higher probability to hit the surface of the wall on the most
accessible regions than deeper in the structure. If membrane
permeability is large, the O2 molecules are absorbed at the very
first hits and cannot reach the deeper regions. These regions
would then be of no use; they are screened. In contrast, if the
permeability is small, molecules will be absorbed only after many
collisions with the wall (6). They then have a fair chance to reach
the deeper regions, and the entire acinar surface will be effective
for gas exchange.

In mammalian lungs, there are two possible situations with
respect to screening in the acinus:

(i) For a given geometry, screening occurs if permeability is large
enough.

(ii) For a given permeability, screening occurs if the acinus is
large enough.

But for a given permeability and geometry, screening can dis-
appear even in a large acinus if the diffusion source is moved inside
the system by increased ventilation, so that diffusion now feeds a
smaller subsystem. As shown below, this is the case for the human
lung working in exercise conditions. These various situations are
qualitatively described in Fig. 3.

The net O2 transfer is therefore determined by three factors: the
oxygen diffusivity in air, DO2,air; the membrane permeability for
oxygen, WO2; and acinar morphometry. The permeability WO2
determines the flux CO2,air 3 S 3 WO2 across a flat membrane of
area S separating the air space from the capillary blood with O2
concentration CO2,air uniform at the surface and zero concentration
on the other side as oxygen is captured by erythrocytes and removed
by blood flow. In this simplified picture, the binding of oxygen by
the erythrocytes is supposed to be sufficiently effective that the red
blood cells act as an oxygen sink. The effective permeability of the
membrane of thickness t is determined by the dissolution of oxygen
at the gas–membrane surface and by its diffusion across the barrier.
Calling b the solubility of oxygen in water and DO2,water its diffusivity
in the membrane (close to the one in water and plasma), the
permeability can be written WO2 5 b 3 DO2,wateryt. The membrane
thickness t is measured from the alveolar surface to that of the red
cells (7).

From these quantities, we derive a parameter that has the
dimension of a length

‡To whom reprint requests should be addressed. E-mail: bernard.sapoval@polytechnique.fr.

www.pnas.orgycgiydoiy10.1073ypnas.122352499 PNAS u August 6, 2002 u vol. 99 u no. 16 u 10411–10416

BI
O

PH
YS

IC
S



L 5 DO2,airyWO2 5 ~DO2,air 3 tyb 3 DO2,water!, [2]

which allows comparison of the conductance to reach a crumpled
surface with the conductance to cross this surface. In this
comparison, two geometric factors are involved: the total surface
area S and the diameter L of the smallest sphere that encloses
the surface. The conductance to reach the surface is of order
Yreach ' DO2,air 3 L, whereas the conductance to cross is Ycross
5 WO2 3 S. Then, depending on the physical and geometrical
parameters (DO2,air, WO2) and (L, S), the conductance to cross
will be smaller or larger than the conductance to reach if L is
either larger or smaller than SyL. In geometrical terms, the ratio
of the surface area to its diameter is the average total length Lp
(p, perimeter) of a random plane section of the surface (8). Then,
in physical terms, L corresponds to the maximal perimeter
length of a planar cut of the exchange surface on which screening
effects can be neglected, hence its designation as ‘‘unscreened
perimeter length.’’ The role of L as ‘‘unscreened perimeter
length’’ has been thoroughly studied in D 5 2, theoretically,
numerically, and experimentally (6, 9–11).

The transition between the screened and unscreened regimes
then occurs when L ' SyL. This criterion now allows comparison
of the morphometric SyL data to the physical scale L. For the
mammalian lung, L can be estimated as follows. The solubility b of
oxygen in water is 1.41 nmolzcm23ztorr21 (1 torr 5 133 Pa) or
2.4z1022 molecule per unit volume of water for one molecule per
unit gas volume. The barrier thickness varies slightly between
different mammalian species (7) around t ' 1024 cm. Using the
diffusivity of oxygen in air (DO2,air 5 0.2 cm2zs21) and in water
(DO2,water 5 33.1026 cm2zs21) (at 37°C), one obtains L(cm) 5
2.53 3 105 3 t(cm). The value of L for mammals is then of order
L ' 20 cm.

The value of L is compared with the morphometry of real acini
in Table 1. Interestingly, one observes that the mammalian acinar
perimeters Lp are of the same order as L; they vary by no more than
a factor of 2 from mouse to human. The human acinus is compar-
atively very large, so that L is much smaller than the acinus
perimeter. However, we should rather consider what has been
called a 1y8 subacinus as the gas-exchange unit (12) (see Fig. 2a),
because, as shown below, in human lungs the transition between
convection and diffusion occurs at generation 17, which is the
entrance point to the 1y8 subacinus. This subacinus is hence more
comparable to acini in other species (13). For this 1y8 subacinus, L
is again of the order of Lp.

In fact, as will be shown below, for a branched geometry like that
of the acinus, there is still significant screening when L is of the
order of Lp, but the very fact that the morphometric perimeters Lp

are found to be of the order of L, the ratio of transport parameters,
indicates that lung design is adjusted to avoid strong screening.

Acinus Efficiency and Its Consequence—Smaller Is Better: Example of
the Hilbert Acinus. Under conditions where there is no screening, the
exchange conductance increases linearly with the acinar surface
area. To describe such a convoluted surface as that of the acinus,
it is convenient to introduce fractal geometry (14–16). For a
self-similar fractal surface of fractal dimension Df, if the smaller flat
element has a size ,, the total area S is of order (14) ,2(Ly,)Df. In
the case of the acinus, , would correspond to the typical diameter
of an alveolus. The conductance is then Ycross 5 WO2,2(Ly,)Df. For
given alveoli and acinus sizes, a surface with Df 5 3 optimizes the
flux and Ycross 5 WO2L3y,. This result corresponds to the intuitive

Fig. 1. Models of ventilation–perfusion relationship in the mammalian
pulmonary gas exchanger. (a) Parallel ventilationyparallel perfusion. (b) Serial
ventilationyparallel perfusion.

Fig. 2. (a) Pulmonary acinus seen in scanning electron micrograph of silicon
rubber cast of human lung. Air enters gas exchanger at transitional bronchioles
(tb) that branch into respiratory bronchioles (rb) and then alveolar ducts (ad) and
sacs (as). Lines shown approximate limits of 1y8 subacinus. Note the dense
packing of alveoli, which corresponds to a fractal dimension of the acinar surface
close to 3. (Bar 5 1 mm.) (Modified after ref. 11.) (b) Schematic geometric
structureofmammalianacinusbuiltasdichotomous treewithbranchesof length
l. The acinus size is called L, and the alveoli diameter is called ,.
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idea that, if a large exchange surface is needed, a space-filling
surface with Df 5 3 will be most efficient (17). The geometry of the
mammalian acinus agrees with this notion (12, 13). But if one thinks
of optimized exchangers, one should take into account that the
exchange must take place in the finite volume of the chest.
Therefore, optimizing the lung exchanger should really be opti-
mizing the conductance per unit volume or specific conductance
Yspec 5 YcrossyL3 5 WO2y,. Because WO2 is roughly invariant
between the species, the specific conductance WO2y, is larger in
small animals with smaller alveoli. Smaller mammals are then more
efficient if no screening occurs.

In contrast, under high permeability conditions, part of the acinar
surface may not be active because it is screened; this passive fraction
increases with acinus size, so that the specific conductance de-
creases as the size of the acinus becomes too large.

To study the effect of size, we introduce a simple two-
dimensional model for the lung acinus that we call the ‘‘Hilbert

acinus.’’ Its geometry is suggested by the structure of the Hilbert
curve, one of the first examples of a space-filling curve (15, 16) in
D 5 2. Hilbert acini of generations 3 and 4 are shown in Fig. 4. With
unit length ,, their respective perimeter length is Lp,3y, 5 213 and
Lp,4y, 5 853. The Hilbert acinus exhibits some of the topological
properties of real acini. It is a branched structure with narrow access
that gives access to larger and larger surfaces. The Hilbert acinus
that corresponds best to the real acini is that of generation 4. This
choice derives either from the ratio Lpy, by using morphological
data for the animals quoted in Table 1 or from the values of the
average acinus volumes and surfaces Va and Sa by using the
approximation Sa ' 4 (,)2 (Lay,)3, from which , ' 4 VaySa. This
value is based on the stereological parameter surface-to-volume
ratio (8) and is intuitively related to the model situation of the
Hilbert acinus: if the acinus is considered as a dense set of cubes of
side ,, on average about four of the cube faces are used (18). From
the data of Table 1, one obtains Lpy, of order 700–900, which
justifies the choice of the fourth generation Hilbert acinus to model
the mammalian acini.

The oxygen conductance Y(L) of this Hilbert acinus model has
to be computed numerically by using finite elements numerical
solution of the Laplace equation with a triangular Delaunay–
Voronoi tessellation and a P1-finite elements scheme (19). The
unscreened perimeter length L is mathematically introduced
through the boundary condition (11):

C
n

5
C
L

. [3]

Fig. 3. Three possible modes for the functioning of the acinus. The end of the
arrows schematically depicts the convectionydiffusion transition region. (a) For
infinite diffusivity, the oxygen concentration would be uniform. (b) The real
situation at rest: there is gradient in the oxygen concentration so that the
acinus works poorly. (c) The real situation in exercise: increased ventilation
brings the diffusion source deeper inside the acinus; the entire acinus is
working with maximal efficiency. Note that half the gas-exchange surface is
in the last generation.

Table 1. Morphometric and physical parameters for acini in various mammals

Parameter

Species

Mouse Rat Rabbit

Human

Acinus 1y8 subacinus

Acinus volume, Va, 1023zcm3 0.41 1.70 3.40 187 23.4
Acinus surface Sa, cm2 0.42 1.21 1.65 69 8.63
Average membrane thickness t, 1024 cm 0.60 0.75 1.0 1.1 1.1
Unscreened length L, cm 15.2 18.9 25.3 27.8 27.8
Acinus size La 5 Va

1y3, cm 0.074 0.119 0.150 0.572 0.286
Acinus perimeter Lp < SayLa, cm 5.6 10.2 11.0 120.6 30
Alveolus size , < 4 VaySa, 1024 cm 39 56 82 162 162
Reduced perimeter Lpy, 717 910 670 7,600 925
LyLp 2.7 1.85 2.3 0.93
Hilbert acinus efficiency (generation 4) 0.21 0.17 0.19 0.11

Data are taken from refs. 7, 11, and 12.

Fig. 4. The Hilbert geometry acinus model. (Left) Four Hilbert acini of gener-
ation 3. (Right) One Hilbert acinus of generation 4, illustrating the concept of
‘‘smaller is better,’’ and why the lung has to be branched to be efficient. Color
shows oxygen concentration gradient from inspired air (red) to zero (white). In
thesamevolume(heresurface), fouraciniofgeneration3aremoreefficient than
one acinus of generation 4.
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For the ‘‘Hilbert lung’’ of fourth generation, the mesh con-
sisted in 27,753 triangles and 16,149 nodes. The computation of
the Laplacian field for a given boundary condition (one L value)
is of order 1 min on a Hewlett–Packard C160 workstation. The
conductance can be expressed as Y(L) 5 WzLpzh(L). Because
(WzLp) is the conductance without screening (for infinite L), the
quantity h(L) # 1 represents the acinus efficiency: it measures
the fraction of the perimeter (or surface) that really works. Its
dependence on L is shown in Fig. 5 for generations 2–4 of the
Hilbert acinus. One observes two regimes: for small LyLp, the
efficiencies follow a power law with an exponent of order 0.6, and
smaller Hilbert acini have larger efficiency. For very large L, the
efficiency is 1. Realistic values of LyLp for the acini of the lung
are of the order of 2–5, as seen in Table 1. For each animal, the
acinus efficiency can then be found from Fig. 5. One obtains
efficiencies on the order of 10–20%. Screening then has a strong
effect on the effective flux. As discussed below, this is what
happens at rest.

The conclusion is that, for the acini to be optimized, their size
should not be too large or, in other words: ‘‘smaller is better.’’ This
result is independent of the model considered, because screening is
a fundamental physical effect. The ‘‘smaller is better’’ concept is
illustrated in Fig. 4, where the activity of four Hilbert acini of
generation 3 is compared with that of one acinus of generation 4
occupying the same surface (for the same value Ly, 5 200). The
O2 concentration distribution is shown with colors decreasing from
red to blue. The larger acinus model has lower O2 concentrations
in the large peripheral part than the four smaller acini.

As a consequence, lung design must be based on a branched
airway system that can feed a great number of not-too-large acini.
There is then a direct link between different concepts: (i) the
efficiency is maximized; (ii) there is no screening, so that the entire
membrane works uniformly; and (iii) the individual small acini can
work efficiently. Note, however, that the units should not be too
small either, lest the system lose some of its flexibility, as explained
below.

The Acinus Peclet Number and the Allometric Behavior of the Meta-
bolic Rates. In exercise, the high rates of O2 uptake require a high
efficiency of the gas exchanger (1, 20), which could be hampered if
a significant degree of screening occurs. This requirement raises the
question whether the increased ventilation occurring in exercise
reduces screening effects. We submit that this is the case, because
of moving the transition point between convection and diffusion
deeper into the acinus.

For a duct of diameter d, this transition is determined by the
Peclet number P 5 Uy{DO2,airyd}, the ratio of the flow velocity U
to the diffusion velocity Dyd. Depending on whether P is larger or
smaller than 1, the transport is because of either ventilation or
diffusion (21–23).

This common definition, however, is misleading here because in
the acinus, oxygen has to spread into the acinar space and diffuse
to the bottom of the alveolar sacs along the branched duct system.
To find the transition from convection to diffusion in this specific
acinar geometry, we propose introducing an ‘‘acinus Peclet num-
ber’’ Pa, which compares U with the mean diffusion velocity to reach
the deeper regions of the acinus. At any branching generation Z, the
distance to cross to the end of the sacs is of order (Zmax 2 Z)l,
where l is the mean length of an acinar duct (Fig. 2). The ‘‘acinus
Peclet number’’ Pa is then defined as

Pa 5 U~Z!~Zmax 2 Z!lyDO2,air, [4]

where the flow velocity U(Z) at stage Z is found from the
branched airway morphometry (1, 2). This velocity depends on
the breathing regime. For humans under exercise conditions, the
air velocity is increased by a factor of order 10 above rest at all
levels of the airway tree (1, 3). The resulting values of Pa are
shown in Fig. 6 for the human lung. One observes that the
convection–diffusion transition (Pa 5 1) occurs for (Zmax 2 Z)
of order 5 at rest and 2 in exercise. Using an average (Zmax 2 Z)
value of order 2, one can estimate that the part of the exchanger
where O2 is moved purely by diffusion has a volume of the order
of Vay16 ' 1.4z1023zcm3. The corresponding surface is also

Fig. 5. Efficiency h(L) of Hilbert acini of generations 2–4 versus the normalized
unscreened perimeter length LyLp. For small L, the efficiency increases with a
power law of exponent close to 0.6. Larger acini are less efficient than smaller
ones. For very large L, which corresponds to DO2,airyWO2 ..Lp, the efficiency
saturates to 1.

Fig. 6. Variation of the human acinus Peclet number at exercise and at rest as
a functionof thedepth intheacinarpathway.Oneobservesa largeshiftbetween
rest and exercise. The transition from convection to diffusion is moved from
generation 18 to 21.

10414 u www.pnas.orgycgiydoiy10.1073ypnas.122352499 Sapoval et al.



divided by 16, whereas the diameter L is divided by 2.5. The
perimeter Lp of such a subregion of the acinus is then of order
2.3 cm, now much smaller than the length L ' 30 cm (Table 1).
This evaluation suggests that, under exercise conditions, the
region beyond Z 5 21 may behave as an optimized (i.e.,
unscreened) diffusion cell. In these conditions, the total lung
diffusive conductance is DM 5 WO2 3 SL 5 bzDO2,water 3 SLyt,
where SL is the total acinar surface of the lung (7). This quantity
can be computed from morphometric data and compared with
the experimental metabolic rates in exercise V̇O2

max shown in
Table 2. The allometric plots of Fig. 7 demonstrate that both
V̇O2

max and DM follow a power law relation with the same slope
close to 0.9. It is well established that the allometric slope of
V̇O2

max is steeper than that of resting VO2 (1, 20, 24).
Note that, on the allometric plot, the differences between athletic

and nonathletic species like dogygoat and horseysteer (20, 25)
appear as an additional uncertainty, because they have the same
mass. In that sense, if one wishes to really correlate the purely
physiological V̇O2

max with the purely geometrical DM, one should
plot directly one as a function of the other. This plot is shown in Fig.

8, where we find a slope of 1.005 with tight correlation. This result
suggests that the geometric characteristics of the pulmonary gas
exchanger are perfectly matched to the maximal rates of O2 uptake
in exercise, independent of body size or lifestyle. There is no
diffusion screening under these limiting conditions.

Screening, however, is effective at rest. This fact can be studied
by using the efficiency values estimated from the Hilbert model with
resting ventilation rates (Table 1). In analogy to the analysis in
exercise, we would predict that resting or standard metabolic rates
should be proportional to h(L) 3 DM. These values are also plotted
in Fig. 7. The best power law fit of h(L) 3 DM versus animal mass
yields an exponent 0.73, which is similar to the value of 0.75 found
experimentally for the standard metabolic rate of mammals over a
wider range of animal mass (26). It is difficult to discuss in greater
detail this question, because the efficiency is computed for the
Hilbert geometry, which is clearly oversimplified and the range of
data points is too small. However, a general trend is apparent: larger
animals with their larger acini are subject to a higher degree of
screening at rest than smaller animals, a difference that disappears
in exercise.

The exponent of 3y4 has been suggested to be an optimal value
(27) for hydrodynamic fluid transport in branched systems. Here,
the exponent 0.73 cannot be taken to correspond to an optimal
value, because it is the result of partial inefficiency.

Table 2. Morphometric data, membrane conductance DM, and maximal oxygen consumption V̇O2max for mammalian lungs

Species Mass, kg Acinar surface SL, m2 Membrane thickness t, mm DM, mlysecztorr V̇O2max, mlysec V̇O2maxyDM, torr

Mouse 0.021 0.0935 0.61 0.016 0.117 7.31
Guinea pig 0.5 0.7 1.02 0.0707 — 4.87
Rat 0.5 1.21 0.75 0.165 0.805 6.57
Rabbit 3 5.86 1.0 0.604 — —
Goat 24 58.3 1.125 5.34 22.8 4.27
Dog 24 66 0.79 8.54 55.0 6.44
Human 74 130 1.11 5.846 54.0 4.47
Steer 450 697.5 1.15 62.45 382.5 6.12
Horse 450 1,180 1.15 105.65 1,003.5 9.49

The millimeter unit corresponds to STP. (Data are taken from refs. 7, 33–38.)

Fig. 7. Allometric relation of oxygen flux to body mass: maximum oxygen
consumption at exercise V̇O2max [in ml(standard temperature and pressure)ysec],
geometrical diffusing capacity DM, and screened diffusion capacity hzDM [both in
ml(standard temperature and pressure)ytorrzsec] in the Hilbert acinus model
(data from Tables 1 and 2). The allometric exponents are found to be 0.902, 0.900,
and 0.735, respectively.

Fig. 8. Relation between the physiological V̇O2max and the purely geometrical
value of DM. The adjusted exponent is found to be equal to 1.005.
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Note also that the ratio V̇O2
maxyDM measures an equivalent

pressure difference of the order of 5210 torr, a value smaller than
expected by nearly one order of magnitude (1, 28). This discrepancy
can be explained by two effects. First, our analysis does not account
for the kinetics of O2 binding to hemoglobin (29), which may act as
a barrier in series with the membrane diffusion. Second, the cyclic
character of the breathing regime should be considered. The above
analysis relates only to the inspiration phase of the respiratory cycle
when the diffusion source is gradually moved into the acinus.
During expiration, however, the conditions are completely differ-
ent. The convection–diffusion transition point moves toward the
bronchi, so that strong diffusion screening should exist during
expiration. The peak oxygen flux then corresponds to an un-
screened regime only during a fraction of the respiratory cycle,
namely when the diffusion source is deep inside the subacinus, i.e.,
during or at the end of inspiration. In other terms, the effective duty
cycle of the system could have a value significantly smaller than 1.

Discussion
The above simplified model neglects several factors that may
affect the quantitative conclusions. For instance, because DO2 in
tissue is smaller than in water (28), the value of L is somewhat
underestimated. Also the Hilbert acinus is a two-dimensional
model, whereas the real acinus is three-dimensional. But, be-
cause the real acinus is also a branched system, the conclusions
should still remain essentially correct. Let us therefore mention
some of the possible consequences of the existence of screening
phenomena in pulmonary acini.

The first consequence is the observed large flexibility in the
respiratory flux between rest and exercise. Because real acini are
somewhat larger than the ‘‘best’’ acini in terms of diffusion effi-
ciency, there is a gain in oxygen absorption by breathing more
deeply, as occurs in exercise. This increased ventilation transfers the
diffusion source deeper into the organ and the air feeds smaller
subparts of the organ that then become more efficient (see Fig. 3c).

These facts now suggest that considerations of structure–function
relations that result in diffusion screening in the acinus may be
relevant in some physiological situations related to differences in
the size of acini. If acini are small, such as in small animals (13) or
in babies (30), the respiratory flexibility between rest and exercise
should be more limited. Conversely, when acini become enlarged,
such as occurs in the residual lung after pneumonectomy (31),
diffusion screening at rest could be exaggerated. In pathological
conditions such as emphysema, diffusion screening in the much-
enlarged acini may well constitute an additional factor in the

impairment of gas exchange. If the permeability of the gas ex-
changer becomes reduced, such as in some cases of pulmonary
edema or fibrosis, screening may be reduced, but this change is of
not much benefit, because it is counterfeited by the impairment of
gas exchange.

Note that the same considerations can be extended to the gills of
fishes (32). As fish breathe in water, L is equal to the membrane
thickness (of order 40–60 microns). In that case, a convoluted
surface would be highly inefficient, which is what is found, because
the gills have a regular structure that corresponds to Df 5 2 and a
size of order L.

The lung also has to excrete carbon dioxide, and one should
therefore evoke the role of screening in that reversed case. Now the
diffusion source is the entire acinus but the value of unscreened
perimeter L is about 20 times smaller for CO2 than for O2, because
the solubility of CO2 is about 20 times larger than that of oxygen.
A small L value corresponds to strong screening, which means that
the acinus is working poorly as a CO2 exchanger, and that the CO2
partial pressure remains high in the deeper and larger parts of the
acinus. This could indeed be an important factor to consider in
acid-bases regulation (28).

Conclusion
This study was based on theoretical considerations of the purely
physicochemical processes of diffusion and permeation of oxy-
gen to and through irregular surfaces, compared with experi-
mental results on the morphometric and physiological properties
of mammalian lungs. The essential result of this comparison is
that the size and structure of the acini in mammalian lungs are
such that strong diffusion screening and a consequent poor
efficiency of O2 uptake are avoided. The oxygen diffusivity in air
and the permeability characteristics of the alveolar surface
determine a critical parameter L called the unscreened perim-
eter length. This physical length has to be related to morpho-
metric characteristics of the acinus, namely to the perimeter of
the gas-exchange surface on a planar cut of the acinus. This
perimeter must be smaller than L to allow O2 to reach even the
deepest gas-exchange units. Too large acini would therefore be
poorly efficient. This comparison provides a scale to the mam-
malian acini, up to now considered as a purely empirical
morphometric fact. As a consequence, to be efficient, the
gas-exchange surface of the lung must be divided into a large
number of small acini connected to a branched conducting
airway system, which is found to be the case.

We thank Dr. Hiroko Kitaoka for useful discussions.
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