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Wilson, Theodore A., Ron C. Anafi, and Rolf D. Hub-
mayr. Mechanics of edematous lungs. J Appl Physiol 90:
2088–2093, 2001.— Using the parenchymal marker tech-
nique, we measured pressure (P)-volume (P-V) curves of
regions with volumes of ;1 cm3 in the dependent caudal
lobes of oleic acid-injured dog lungs, during a very slow
inflation from P 5 0 to P 5 30 cmH2O. The regional P-V
curves are strongly sigmoidal. Regional volume, as a fraction
of volume at total lung capacity, remains constant at 0.4–0.5
for airway P values from 0 to ;20 cmH2O and then increases
rapidly, but continuously, to 1 at P 5 ;25 cmH2O. A model of
parenchymal mechanics was modified to include the effects of
elevated surface tension and fluid in the alveolar spaces. P-V
curves calculated from the model are similar to the measured
P-V curves. At lower lung volumes, P increases rapidly with
lung volume as the air-fluid interface penetrates the mouth
of the alveolus. At a value of P 5 ;20 cmH2O, the air-fluid
interface is inside the alveolus and the lung is compliant, like
an air-filled lung with constant surface tension. We conclude
that the properties of the P-V curve of edematous lungs,
particularly the knee in the P-V curve, are the result of the
mechanics of parenchyma with constant surface tension and
partially fluid-filled alveoli, not the result of abrupt opening
of airways or atelectatic parenchyma.

pressure-volume curve; surface tension; regional ventilation;
acute lung injury

IN NORMAL LUNGS, FLUID THAT permeates through the
capillary walls is carried off by the lymphatic system,
the lung is maintained in a relatively dry state, and
interstitial pressures are negative. If pressure in the
capillaries increases or capillary permeability in-
creases, the fluid balance for the lung may be dis-
rupted. In that case, fluid first accumulates in the
interstitium and then enters the alveolar space. Pro-
teins in the fluid disrupt normal surfactant function,
gas exchange is impaired, and the pressure-volume
(P-V) behavior of the lung is altered. The management
of ventilation in patients with pulmonary edema is a
significant medical concern. At this point, the physiol-
ogy of edema and the mechanics of edematous lungs
are not fully understood.

The dominant current concept of the mechanics of
edematous lungs is based on interpretations of comput-
erized tomography scans and P-V curves. From these

data, it has been inferred that dependent regions of
edematous lungs collapse at lower transpulmonary
pressures and that they reopen abruptly at an elevated
opening pressure (4, 5, 8). Martynowicz et al. (9) re-
ported the first direct measurements of regional vol-
ume in edematous lungs. They used the parenchymal
marker technique to measure regional volume during
tidal ventilation in dog lungs after oleic acid (OA)
injury. In this technique, 12–15 radiopaque markers
are placed in the thick, dorsal region of a caudal lobe,
the three-dimensional positions of the markers are
obtained from biplane fluoroscopic images, and the
volumes of tetrahedra with markers as vertices are
computed. With the dog in the supine position, the
markers lie in the dependent part of the lung. For tidal
ventilation with small values of positive end-expira-
tory pressure (PEEP), regional volumes in this region
of the injured lungs were found to be somewhat larger
than regional volume at the same airway pressure in
the control state before injury, but regional ventilation
was much smaller than that in the control state. Val-
ues of PEEP of 15 cmH2O were required to restore
regional ventilation to control values (10). The data for
regional volume as a function of time were searched for
evidence of abrupt opening, but none was found. These
results are contrary to the idea that the dependent
lung is atelectatic at lower transpulmonary pressures
and reopens abruptly at a critical opening pressure.

Here we report data on regional volume in injured
lungs for a different maneuver: a slow inflation from a
small initial airway pressure to P . 30 cmH2O [total
lung capacity (TLC)]. We find that the P-V curves of
dependent regions of injured lungs are strongly sigmoi-
dal. At low airway pressures, regional volumes range
from 40 to 50% of regional volume at TLC. These
regions change volume very slowly until airway pres-
sure reaches ;20 cmH2O. Regional volumes then in-
crease rapidly to TLC. These data are consistent with
regional lung behavior during mechanical ventilation.
At lower airway pressures, regional volume is high, but
regional compliance is low. At higher airway pressures,
regional compliance is higher than control.

We also present a model for the mechanics of edem-
atous lungs. A model alveolus is described. The param-
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eters of the model are chosen so that the model
matches data from the literature on the dependence of
alveolar surface area on lung V and surface tension.
The model is then modified to represent the edematous
lung by assuming that surface tension is constant in
the edematous lung and that the alveolus is partially
filled with fluid. P-V curves are calculated from the
model. The model P-V curves are similar to the mea-
sured P-V curves: lung compliance is low at lower P
values and increases abruptly at transpulmonary pres-
sures of ;20 cmH2O. Thus we conclude that the me-
chanical properties of edematous lungs can be ex-
plained without recourse to alveolar collapse and
reopening or airway closure and reopening. These fea-
tures of the P-V curve of the edematous lung are the
result of internal stresses in the lung that are caused
by high surface tension and the presence of fluid in the
lung.

EXPERIMENTAL METHODS

To measure regional lung expansion during mechanical
ventilation, the parenchymal marker technique was used. It
has been described in detail previously (7). Briefly, 1-mm
metal beads were implanted transthoracically into the cau-
dal lobe of two anesthetized dogs. Nine weeks later, experi-
ments were conducted during which biplane fluoroscopic
images of the thorax were recorded on videotape. The orthog-
onal projection images of each bead were sampled at the rate
of 5 Hz using an operator-interactive computer tracking
system. The three-dimensional marker locations were de-
rived from these data. Four markers define a volume (tetra-
hedron) that contains air, tissue, edema fluid, and blood.
Thus, as a final output, the method provides the description
of regional volume behavior in time (i.e., regional spiro-
grams).

All techniques and procedures were approved by Mayo’s
Institutional Animal Care and Use Committee, and the care
and handling of the animals were in accordance with Na-
tional Institutes of Health guidelines. Two adult, '10-kg
beagle dogs were studied. The animals were anesthetized
with pentobarbital sodium (30 mg/kg, with supplemental
does of 10 mg/h), a tracheostomy was performed, and a 9-mm
ID glass cannula was inserted into the tracheal lumen. The
dogs were mechanically ventilated (Servo 900C, Siemens,
Solna, Sweden) with a fractional oxygen concentration of 1.0,
a tidal volume of 230–250 ml, a respiratory rate of 20 cycles/
min, an inspiratory time fraction of 0.33, and a PEEP set
between 3 and 5 cmH2O. Airway opening pressure (P) was
measured at the proximal end of the endotracheal tube

(24A1, Honeywell Microswitch, Freeport, IL). Gas flow rates
were measured by using a pneumotachograph and trans-
ducer (163PC, Honeywell, Microswitch) attached to the Y
piece of the ventilator circuit. Flow was integrated to monitor
the tidal volume. A pediatric Swan-Ganz pulmonary arterial
catheter was inserted through the right internal jugular vein
to monitor pulmonary arterial pressure. Systemic blood pres-
sure was monitored from the femoral arterial line with a
pressure transducer (P37A, Statham, Oxnard, CA). Three
leads attached to the paws provided a single electrocardio-
graphic tracing to monitor the heart rate. Body temperature
was monitored rectally (Tele-thermometer 44TF, Yellow
Springs Instruments, Yellow Springs, OH) and kept constant
at 37°C using heat lamps. A 16-F cannula was placed in a
peripheral vein to administer normal saline and anesthetic.
Normal saline was administered to maintain hemodynamic
stability. Airway opening pressure, gas flow, and notes taken
during the experiment were stored in a digital form (Lab-
View, National Instruments, Austin, TX).

The animals were paralyzed with pancuronium bromide (3
mg iv), and their inspiratory capacity was determined by
inflating the lungs to an airway pressure of 35 cmH2O. The
thorax was imaged at TLC so that postinjury measurements
of regional lung expansion could later be normalized by
preinjury lung dimensions at TLC. After this baseline mea-
surement, the animals were turned prone and injected with
0.09 ml/kg OA in three aliquots via the right atrial port of the
pulmonary arterial catheter. Animals were repositioned su-
pine 5 min after the last OA injection. Approximately 3 h
after the OA injection, the animals were disconnected from
the ventilator circuit, and the lungs were imaged while the
thorax was inflated with a constant flow of ,5 ml/s to P . 40
cmH2O (Harvard Apparatus, Cambridge, MA). Because this
maneuver lasted for up to 5 min, both animals died during
the slow inflation.

RESULTS

Figure 1 shows the average regional volume-airway
pressure curves of two OA-injured dogs. Each data
point represents the mean 6 SD of the volumes of 10
minimally overlapping tetrahedra. The curves show
similar features: regional volume nearly constant for
P , 15 cmH2O, a knee at P between 15 and 20 cmH2O,
a steep (compliant) midportion between 20 and 25
cmH2O, and a plateau at P . 25–30 cmH2O.

We should note that we did not attempt to measure
esophageal pressure in these experiments because we
do not have confidence that esophageal pressure is
representative of pleural pressure for the edematous

Fig. 1. Regional pressure-volume curves of
tetrahedra in dependent regions of 2 lungs
after oleic acid injury. Values are aver-
ages 6 SD of volumes, as a fraction of total
lung capacity (TLC), of 10–15 nonoverlap-
ping tetrahedra. Absolute volumes of the
tetrahedra at TLC ranged from 1 to 2 cm3.
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lungs. As a result, the experimental results describe
regional volume as a function of airway opening pres-
sure, and these results will be compared with the
results of a model that describes regional volume as a
function of transpulmonary pressure. However, we
would expect pleural pressure to increase with increas-
ing V. Therefore, transpulmonary pressure would in-
crease less rapidly with increasing V than would air-
way opening pressure, and the compliant regions of the
curves would occur at somewhat lower pressures and
be somewhat steeper than those shown in Fig. 1.

MODEL

In the late 1970s, Weibel and colleagues (1, 6) at
Berne reported systematic data on the morphology of
rabbit lungs at different V values and for different
values of surface tension. Guided by Weibel’s (15) de-
scription of the architecture of the lung, the qualitative
appearance of the micrographs, and the quantitative
data, Wilson and Bachofen (16) constructed a model for
the mechanical properties of the acinus. The model
alveolar duct consisted of intersecting helical elastic
line elements that defined the lumen of the duct and
formed the free edges of alveolar walls that extended
outward from the helical line elements. The alveolar
walls were assumed to carry no tissue stress and to
serve only as platforms for surface tension at the air-
liquid interface. Tension and length of the line ele-
ments were determined by a balance between the hoop
stress in the line and surface tension on the alveolar
walls. The model fit the data well.

Here we describe a modified version of this model.
Instead of modeling the alveolar duct, we model an
alveolus. The model of a representative alveolus is
shown in Fig. 2. First, we focus on the model for the
normal air-filled lung, shown in Fig. 2, left. The model
is axisymmetric around the vertical axis in Fig. 2. The
sides of the alveolus have the shape of the frustrum of
a cone with cone angle a. The wide end of the cone is
capped by a spherical segment that meets the sides at
an angle of 120°. The bottom of the frustrum is open to
the alveolar duct. The vertex of the cone is situated on
the centerline of the alveolar duct. The volume of the
alveolus plus the part of the alveolar duct associated
with each alveolus is denoted v. Thus v equals the
volume of the entire figure from the vertex to the cap.
In the normal air-filled lung, the surface area of the
air-liquid interface (s) is the inner surface of the frus-
trum and cap. The distance from the vertex to the top
of the cone (h) is assumed to increase with the cube root
of V. That is, h 5 ho (v/vo)1/3, where ho is a constant and
vo is alveolar volume for h 5 ho. The distance along the
generatrix of the cone from the vertex to the entrance
ring at the mouth of the alveolus is denoted r. Thus
surface area can be written as the difference between
the surface area of the entire cone and cap (s1), which
depends on h only, and the missing surface area be-
tween the apex and the alveolar wall

s 5 s1~h! 2 pr2 sin a (1)

An elastic line element forms the entrance ring and
supports the free edge of the alveolar wall. The length
L of the line element is 2pr sin a. Tension (T) in this
line element is a function of the ratio of its length L to
its unstressed length Lo. Because L is proportional to r,
L/Lo 5 r/ro, where ro is the value of r for which the line
element is unstressed. The tension-length behavior of
the line element is described by Eq. 2 where A and a
are constants

T 5 A~r/ro21!exp@a~r/ro 2 1!2# (2)

Surface tension g at the air-liquid interface pulls out-
ward on the entrance ring. As the ring expands, sur-
face area decreases, and tension and length of the line
element increase. Static equilibrium occurs at the
length at which the sum of the surface energy and
elastic energy stored in the line element is minimum.
That is, the equilibrium value of r is determined by the
equation

gds/dr 1 TdL/dr 5 0 (3)

By substituting Eq. 1 and the expression for L into Eq.
3, we obtain the relation

T 5 g/r (4)

This equation is recognized as the balance between the
outward pull of surface tension and the inward hoop

Fig. 2. Model alveolus. Left: the model alveolus consists of the
frustrum of a cone with cone angle a and a spherical cap. The
spherical cap meets the side of the cone at an angle of 120°. The ver-
tex of the cone lies on the axis of the alveolar duct, and distance h
from the vertex to the top of the cone increases with the cube root of
lung volume. An elastic line element forms the entrance ring at the
alveolar opening. The distance r from the vertex to the entrance ring
depends on a balance between hoop stress in the elastic line and the
outward pull of surface tension. Right: the geometry of the alveolus
in the edematous lung is shown. Top: for case 1, the air-fluid inter-
face is anchored at the entrance ring. The interface is a spherical
surface with radius r. The angle between the axis and the radius to
the entrance ring is denoted b, and the angle between the tangent to
the surface and the alveolar wall is denoted w. Bottom: for case 2, the
bubble has penetrated the alveolus, and the spherical air-liquid
interface is tangent to the wall and meets the wall as a distance q
above the entrance ring. The dimensions shown in all figures are for
lung volume of 60% TLC. Left: normal air-filled lung; right: edema-
tous lungs with fluid volumes of 40 (top) and 20% TLC (bottom).
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stress in a line carrying tension T with curvature r.
Thus, to obtain a self-consistent mechanistic model of
the alveolus, the radius of curvature of the elastic line
element must be taken to be r. The length of the line
element associated with one alveolus is the length of
the entrance ring, but this ring must be pictured as
being made up of segments of rings that run around
the axis of the duct.

Our objective is to use the model to calculate recoil
pressure for the lung. The model for the relation be-
tween whole lung properties and alveolar properties is
the same as the model we have used before. Recoil of
the lung (P) is assumed to be the result of tension in
connective tissue in the lung and surface tension at the
air-liquid interface. The connective tissue system has
two components (15). The first is the peripheral tissue
system consisting of the pleural membrane, the bron-
chial tree, and interlobular membranes that connect
the pleural membrane to the bronchial tree to form a
connected structure. The stress in this component de-
pends on V only and provides the recoil of the saline-
filled lung. Its contribution to recoil is, therefore, de-
noted Psal. The second tissue component is the axial
tissue system, the system of elastic line elements that
form the alveolar openings. As described above, these
elements are extended by surface tension. Finally, sur-
face tension contributes directly to recoil, as well as
contributes indirectly through its effect on the axial
tissue system.

Two relations between recoil and alveolar properties
can be invoked. The first is the energy balance in which
the incremental work of lung inflation for an incremen-
tal volume change (dV) is set equal to the change in
energy of the tissue and the air-liquid interface. The
incremental energy stored in the peripheral tissue sys-
tem is PsaldV, and the incremental energies stored in
the axial tissue system and interface are the incremen-
tal energies for an alveolus multiplied by the number of
alveoli, denoted n.

PdV 5 PsaldV 1 ngds 1 nTdL (5)

Alternatively, recoil can be calculated from a force
balance for a plane cut through the parenchyma. Here,
P acts in one direction on the plane, the tissue and
surface forces act in the opposite direction, and these
must balance the pressure force. The tissue line ele-
ments and air-liquid interfaces of the lung are assumed
to be randomly oriented. It follows that the force bal-
ance has the following form (16)

P 5 Psal 1 2⁄3 gns/V 1 1⁄3 nT/V (6)

For the model to be consistent, Eqs. 5 and 6 must give
the same values of P, and, with T related to r by Eq. 4,
they are consistent, and either can be used to calculate P.

The value of n is obtained by dividing V at TLC by vo.
Then P and total lung surface area (S) can be calcu-
lated from Eqs. 1, 2, 4, and 6. Parameter values were
chosen to match the calculated values of P and S for
different V values and values of surface tension (12) to
values reported in the literature for rabbit lungs (1, 6).

These values are as follows: a 5 15°, ho 5 250 mm, ro 5
100 mm, A/ro 5 60 dynes/cm, and a 5 2.5.

The model for the alveolus in the edematous lung is
shown in Fig. 2, right. The fluid is assumed to form a
pool at the back of the alveolus. The air-fluid interface
is a segment of a sphere with radius r. Two cases are
possible. In the first, fluid covers the alveolar walls
completely, and the air-fluid interface extends to the
entrance ring. The angle between the tangent to the
air-liquid interface at its edge and the alveolar wall is
denoted w, and the angle between the perpendicular to
the air-fluid interface at its edge and the axis of the
alveolus is denoted b. Thus w 5 p/2 1 a 2 b and r 5 r
sin a/sin b. In the second case, the fluid pool is inside
the alveolus, and the air-fluid interface meets the al-
veolar wall at a distance q from the apex of the cone.
The air-liquid interface is tangent to the wall at the
wall, and w 5 0 in this case.

The energy balance and the force balance are altered
when fluid occupies a significant fraction of V. First, we
divide V into two parts, Vair and Vf, denoting the
volumes of air and fluid, respectively. Pressure in the
air is P, and pressure in the fluid is denoted Pf. The
energy balance has the form

PdVair 1 PfdVf 5 Psal~dVair 1 dVf! 1 ngds 1 nTdL
(7)

The force balance equation is also altered. The fraction
of a plane through the lung occupied by air is Vair/V,
and the fraction occupied by fluid is Vf/V. Therefore,
the force balance is as follows

P~Vair/V! 1 Pf~Vf/V! 5 Psal 1 2⁄3 ngs/V 1 1⁄3 nTL/V
(8)

With the following relations between the variables,
these two equations are consistent for all values of Vair
and Vf

Pf 5 Psal, P 5 Pf 1 2g/r, T 5 g cos f/r (9)

The second of these is the usual equation for the
pressure difference across a spherical surface with
surface tension g and radius r. The third is similar to
Eq. 4 with the radial component of g balancing the
hoop stress in the line element.

The calculation of P-V curves for the edematous lung
is quite simple. The value of g was assumed to be 36
dyn/cm in the edematous lung. For case 1, for values of
b from b 5 a to b 5 p/2 1 a, the Vair was computed for
the geometry shown in the Fig. 2, top right, r was
obtained from the solution of the third of Eqs. 9 and 2,
and r was obtained from r. Then P was computed from
the equation

P 5 Psal 1 2g/r

where Psal(V) is taken from data in the literature.
Similarly for case 2, for values of q beginning with q 5
0, the Vair was computed for the geometry shown in
Fig. 2, bottom right, and the calculation of P follows as
that for case 1.
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Calculated P-V curves for edematous lungs with differ-
ent amounts of fluid are shown in Fig. 3. These curves
begin at values of P and V for which b 5 a. At this point,
the line elements are unstressed, and P is higher than
Psal because of the surface tension at the air-liquid in-
terface. Although surface tension is high, the area of the
air-liquid interface is small, and P is ;7 cmH2O greater
than Psal. As V increases, the air bubble penetrates the
mouth of the alveolus, surface area increases, and the
line elements are stretched. As a result, P increases
rapidly with V. At the points marked by arrows, w 5 0. At
higher values of V, the air-liquid interface retreats into
the alveolus, surface area increases, but the tension in
the line elements remains constant. These segments of
the P-V curve are like those of lungs that have been
rinsed with a fluid with high surface tension.

DISCUSSION

Our laboratory’s previous measurements of the vol-
ume of dependent regions of OA-injured lungs during
tidal volume oscillations showed that regional volume
was somewhat higher than regional volume in normal
lungs at the same transpulmonary pressure and that
tidal volume was much smaller than normal (9). The
observation that regional volume was high was con-
trary to the concept that dependent regions were col-
lapsed in edematous lungs. We also observed no evidence
of discontinuous opening of regions, and this is also con-
trary to the concept that airways and atelectatic paren-
chyma pop open at some critical opening pressure. Our

motivation for measuring regional volume during a very
slow inflation of dependent regions of edematous lungs
was to search for evidence of abrupt opening of atelectatic
regions. In these experiments, we, therefore, covered the
entire range of P values from 0 to 30 cmH2O, and we
inflated slowly so that popping at a critical value of P
would be more evident in the trace of volume vs. time. To
be sure, the resolution of the technique is limited. Pop-
ping of regions much smaller than 1 cm3 might not be
apparent in our data. However, taken at face value, the
data show no evidence of abrupt opening. In addition,
these data for slow inflation are consistent with the data
for tidal volume oscillations; regional volume is elevated
at lower P values, and regional compliance is very low for
P values , 20 cmH2O. In addition, in these experiments,
we reached values of P at which dependent regions ex-
panded. The expansion yields a knee in the P-V curve.
The rise in volume is sharp but continuous. Thus the data
for the full inflation P-V behavior support our contention
that the concept of atelectasis and abrupt opening of
dependent regions in edematous lungs is incorrect.

The very compliant part of the P-V curve at high P
values reminded us of the behavior of lungs in which
surface tension had been altered by rinsing of the lungs
with fluids with fixed surface tension (13). That behav-
ior has been modeled successfully (14). Edema is
known to alter surface tension, and thus the part of the
P-V curve at higher volumes and higher P values
seemed to be explainable by established ideas about
parenchymal mechanics. On the other hand, a signifi-
cant amount of fluid in the parenchyma might be
expected to reduce the area of the air-fluid interface
and reduce recoil. We, therefore, sought to describe the
transition from the fluid-filled to the air-filled, high-
surface-tension state.

The model that is described in this paper is a modi-
fied version of an earlier model. The earlier model
successfully described the dependence of lung recoil
and surface area on V and surface tension. In that
model, the line elements at the alveolar openings were
pictured as helices. Alveolar walls extended radially
outward from the helices, but the geometry of the
alveolus was not specified. Here, we have modified that
model by describing the alveolar geometry in detail.
This detail was required to add fluid to the model. By
modeling the side walls of the alveolus as a cone, the
geometry of the fluid pool and the air-liquid interface
could be described simply. However, this model is not
as self-consistent as the earlier model. In particular, it
is not possible to match a model of an alveolus with
cylindrical symmetry around a vertical axis to a model
of a duct with cylindrical symmetry around a horizon-
tal axis. That is, identical model alveoli cannot be
joined to produce a model duct. The model alveolus
must be considered to represent the average geometry
of the alveolus.

Although the modified model is less satisfactory than
the original in some ways, it retains the crucial ele-
ments of the original. These elements are as follows.
The dimensions of the outer boundary of the duct
depend on V alone. Tension and length of the line

Fig. 3. Pressure-volume curves for saline-filled, normal air-filled,
and edematous lungs with fluid volumes (Vf) of 20 and 40% TLC. The
curve for saline-filled lungs is taken from the literature (6). The
curve for the normal air-filled lung is calculated from the model,
using values of surface tension vs. lung volume from the literature
(12). The curves for the edematous lung are calculated from the
model. For pressures , 8 cmH2O (dashed line), the duct is assumed
to be blocked by liquid bridges. Calculated values are shown by solid
lines. Arrows show the point of transition between the geometry
shown in Fig. 2, top right, and the geometry shown in the bottom
right. As the air bubble penetrates the mouth of the alveolus, pres-
sure rises rapidly, and lung compliance is low. The segment of the
curve with the air bubble within the alveolus is like those for lungs
rinsed with a fluid with constant surface tension (13, 14), and lung
compliance is high.
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element at the inner boundary are determined by a
balance between hoop stress and surface tension. Sur-
face area is a function of both outer and inner dimen-
sions and depends on both V and surface tension.

In the model for edema, the fluid in the lung was
assumed to be confined to the interior of the alveolus.
This assumption is consistent with the micrographs of
edematous lungs presented by Bachofen et al. (2). In
these micrographs, the alveolar ducts and alveolar
mouths are open, and the alveolar walls are separate
and distinct. With smaller amounts of edema fluid, the
fluid is confined to the interior corners of the alveoli.
With larger amounts of fluid, the fluid pools extend to
the free edges of the alveolar walls, and the air-liquid
interfaces are smoothly curved. There are no signs of
alveolar collapse and atelectasis. Because the section of
lung that is shown in a micrograph cuts different
alveoli at different depths and different angles, it is
difficult to tell whether the fluid is uniformly distrib-
uted among the alveoli or not. Our analysis of a single
alveolus implies the assumption that the fluid is ap-
proximately uniformly distributed among alveoli.

The results of the calculation of P-V curves for the
model of edematous lungs are shown in Fig. 3. The
calculated values begin at a P of ;8 cmH2O. At that
point the alveolus is filled with fluid, and the entrance
ring is unstressed. For lower volumes and P values, the
fluid would bulge into the alveolar duct, and the en-
trance ring would be compressed. This state is unsta-
ble. The stability of a fluid layer on the wall of an
airway has been analyzed (3, 11). The results show
that, roughly speaking, if enough fluid is available to
form a liquid bridge across the airway, the bridge will
form. Thus we think that, at lower volumes, bridges
would form across the duct and block flow, and the
hoizontal dashed lines in Fig. 3 represent this assump-
tion that the airways are blocked at lower volumes and
P values. As volume increases above the minimum vol-
ume, the air bubble is forced into the alveolus, and sur-
face area and tension in the line element increase rap-
idly. In this range of P values, P increases rapidly as V
increases, and lung compliance is small. At high vol-
umes, the P-V curve is nearly vertical as it is for lungs
that have been rinsed with a liquid with high surface
tension (13). This model, like other existing models,
predicts a negative slope for the P-V curve for constant
surface tension. If surface tension is constant and sur-
face area increases with the V2/3, the second term on
the right side in Eq. 6 decreases as V increases. This
aspect of the P-V curve of lungs with constant surface
tension is discussed by Stamenovic and Smith (14).

In Fig. 3, we show calculated P-V curves for Vf
values of 20 and 40% TLC. The Vf in injured lungs is
unknown, and it is not certain that the amount of fluid
remained constant as the lungs were inflated. Thus the
amount of fluid and the assumption that the Vf re-
mains constant must be added to the other assump-
tions in the model.

Nonetheless, with the assumptions that were made,
the model yields P-V curves that are similar to the
measured curves. Thus the model explains the low
compliance of edematous lungs at lower P values, the
knee in the P-V curve at transpulmonary pressures of
;20 cmH2O, and the high compliance at higher P
values. These properties are the result of a transition
from fluid-filled alveoli to air-filled alveoli with con-
stant surface tension. The alveolar tissue is fully
opened during this transition. This explanation for the
knee of the P-V curve is quite different from the expla-
nation that is based on the hypothesis that the alveoli
or airways are collapsed and pop open at a critical P.

This work was supported by National Heart, Lung, and Blood
Institute Grant HL-57364.

REFERENCES

1. Bachofen H, Gehr P, and Weibel ER. Alterations of mechan-
ical properties and morphology in excised rabbit lungs rinsed
with a detergent. J Appl Physiol 47: 1002–1010, 1979.

2. Bachofen H, Schurch S, Michel RP, and Weibel ER. Exper-
imental hydrostatic pulmonary edema in rabbit lungs. Am Rev
Respir Dis 147: 989–996, 1993.

3. Cassidy KJ, Halpern D, Ressler BG, and Grotberg JB.
Surfactant effects in model airway closure experiments. J Appl
Physiol 87: 415–427, 1999.

4. Gattinoni L, Pelosi P, Crotti S, and Valenza D. Effects of
positive end-expiratory pressure on regional distribution of tidal
volume and recruitment in adult respiratory distress syndrome.
Am J Respir Crit Care Med 151: 1807–1814, 1995.

5. Gattinoni L, Pesenti A, Avalli L, Rossi F, and Bombino M.
Pressure-volume curve of total respiratory system in acute re-
spiratory failure: computed tomographic scan study. Am Rev
Respir Dis 136: 730–736, 1987.

6. Gil J, Bachofen H, Gehr P, and Weibel ER. The alveolar
volume to surface area relationship in air- and saline-filled lungs
fixed by vascular perfusion. J Appl Physiol 47: 990–1001, 1979.

7. Hubmayr RD, Walters BJ, Chevalier PA, Rodarte JR, and
Olson LE. Topographical distribution of regional volume in
anesthetized dogs. J Appl Physiol 54: 1048–1056, 1983.

8. Lachmann B. Open up the lung and keep the lung open.
Intensive Care Med 18: 319–321, 1992.

9. Martynowicz MA, Minor TA, Walters BJ, and Hubmayr
RD. Regional expansion of oleic acid-injured lungs. Am J Respir
Crit Care Med 160: 250–258, 1999.

10. Martynowicz MA, Wilson TA, Walters BJ, and Hubmayr
RD. Effects of PEEP and posture on regional recruitment of oleic
acid injured lungs in situ (Abstract). Am J Respir Crit Care Med
159: A479, 1999.

11. Otis DR, Johnson M, Pedley TJ, and Kamm RD. Role of
pulmonary surfactant in airway closure: a computational study.
J Appl Physiol 75: 1323–1333, 1993.

12. Schurch S, Goerke J, and Clements J. Direct determination
of volume- and time-dependence of alveolar surface tension in
excised lungs. Proc Natl Acad Sci USA 73: 4698–4702, 1978.

13. Smith JC and Stamenovic D. Surface forces in lungs. Alveolar
surface tension-lung volume relationships. J Appl Physiol 60:
1341–1350, 1986.

14. Stamenovic D and Smith JC. Surface forces in lungs. II.
Microstructural mechanics and lung stability. J Appl Physiol 60:
1351–1357, 1986.

15. Weibel ER. Functional morphology of lung parenchyma. In:
Handbook of Physiology. The Respiratory System. Mechanics of
Breathing. Bethesda, MD: Am. Physiol. Soc., 1986, sect. 3, vol.
III, pt. 1, chapt. 8, p. 89–112.

16. Wilson TA and Bachofen H. A model for mechanical structure
of the alveolar duct. J Appl Physiol 52: 1064–1070, 1982.

2093MECHANICS OF EDEMATOUS LUNGS

 on July 6, 2009 
jap.physiology.org

D
ow

nloaded from
 

http://jap.physiology.org

