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Editorial
What forces keep the air spaces of the lung dry?

Alveolar oedema can be a serious clinical problem,
but before discussing the natural forces available for
its resolution we should consider the normal homeo-
static mechanisms which must have been overcome
for it to occur in the first place.

This is a controversial area of respiratory physio-
logy, where most theories of pulmonary homeostasis
are essentially variations of the original Starling
hypothesis, according to which opposing vascular and
osmotic pressures produce a net filtration of fluid
into the interstitium.' The lymph drainage can
accommodate this flow until there is roughly an eight-
fold excess over normal.' This ratio is easily exceeded
if the endothelium becomes more permeable to
macromolecular plasma protein (permeability
oedema) or capillary pressure is raised above a critical
threshold of about 25 mm Hg' (pressure oedema).
These categories may be differentiated on the basis
of the concentration of colloidal protein in lymph
collected as a reflection of interstitial fluid,4 the
accumulation of fluid in the lung often exceeding
lymph drainage by a factor of 1000 or so.5 Despite the
general view that epithelium is of lower permeability
than the endothelium,' the fluid escaping from the
capillary does not remain interstitial for much of it
soon invades the air spaces, taking a considerable
amount of the protein with it. Some experiments have
even shown alveolar and interstitial fluids to be
identical6 or to equilibrate in time,7 while many others
have shown no obvious correlation between the rate
of alveolar flooding and the blood-alveolar osmotic
pressure gradient.
The alveolar wall is the last barrier to entry of fluid

into the airway system, and here there is a balance
between forces rather than fluxes since there is no
obviouscounterpartof.lymph drainage atrhe alveolar
surface. On one side of the equation is the vascular
pressure, represented by the interstitial pressure as
the driving force; on the other side, the forces
opposing alveolar flooding are much less obvious. If
they were predominantly osmotic in nature, they
would represent an essentially restorative force that
would not come into effect until the fluid to be
recovered had already escaped. Such a mechanism
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does not seem to reflect the all-or-none charac-
teristics of alveolar oedema formation and the much
slower rate of its resolution.8 To accommodate these
discrepancies and the lack of any consistant corre-
lation between fluid fluxes and oncotic gradient,
Staub has proposed that there is a sudden "unzip-
ping" of intercellular junctions at the endothelium,
permitting much protein and water to flow4; but this is
more difficult to envisage at the epithelial surface,
where intercellular junctions are believed to be very
tight both morphologically' and physiologically. "'
Nevertheless, there have been many demonstrations
that plasma proteins placed in fluid-filled alveoli can
enter the circulation intact at a measurable rate,4
indicating that sizable channels must exist even
though in the normal lung there are no appreciable
leaks.
These findings and the osmotic data referred to

above have caused other groups to depart from the
traditional emphasis on oncotic forces in the attempt
to explain the threshold pressure which needs to be
exceeded for alveolar flooding to be initiated.
Guyton and his colleagues estimate that there is a
"safety factor" of about 20 mm Hg which must be
exceeded for fluid to break through into the alveoli.3
The really vital question is what mechanism can
provide a pressurethresholdof this kind that must be
exceeded for burst-through to occur when pressure is
applied, with no flow under normal conditions des-
pite the presence of sizable channels. Guyton et al
proposed a negative interstitial pressure inherent in
the parenchymal tissue,' but their attempts to
measure it produced average values of only one-
quarter of their estimated "safety factor." " Hence an
alternative or additional mechanism is needed.
The need to retain fluid within a porous mechanical

barrier without leaking through sizable channels is a
problem encountered in many industrial contexts,
including building and textile manufacture. As a
previous editorial pointed out,'2 such water repel-
lency-sufficient to withstand pressures of up to 35
lb/in2 (1760 mm Hg)-can be induced in porous
fabrics by treating them with cationic surfactants.
Ironically, textile chemists often talk in terms of the
"breathability" of special fabrics designed for excep-
tional comfort, by which they mean that gases-
including water vapour-can pass freely in either
direction and yet liquid water cannot penetrate.
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Many of the cationic surfactants used for this purpose
have two long hydrocarbon chains at one end of the
molecule and a strongly positive quatemary
ammonium ion at the other end, which is thus
strongly adsorbed on to a negatively charged sub-
phase to present a hydrophobic surface to any
encroaching water. This is precisely the same com-
bination of active terminal groups found in most
pulmonary surfactants,'2 especially the predominant
components-dipalmitoyl lecithin (DPL) and dipal-
mitoyl phosphatidyl ethanolamine (DPPE). We
might argue that these are really "zwitterions" with a
negative charge separating the quatemary ammo-
nium ion from -the two palmitic acid chains and,
although the dipole is ideally orientated, it would not
be so strongly adsorbed on to the negative charges
inherent in all epithelium'3 as a pure cationic. When
tested on porous cotton carboxylated to simulate
these negative charges, however, lung surfactants
were found'4 to impart water repellency with a
penetration pressure well in excess of Guyton's
"safety factor" of 20 mm Hg and to maintain it
indefinitely, if left. It was found, moreover, that a
drip could be started be wetting the low-pressure
side, just as when one touches the inside of a tent in a
rainstorm. This confirmed that the channels were
open, yet surfactant inhibited flow by true water
repellency, which would thus seem to offer a very
simple mechanism for the pressure threshold for
alveolar oedema formation and to satisfy the all-or-
none nature of alveolar flooding with its much slower
reversal. At least, this would fit the facts nicely if it
were not for one major conflict with conventional
respiratory theory.
Water repellency would be quite impossible if the

low-pressure (alveolar) side of the blood-air barrier
were lined with the continuous liquid layer that has
been tacitly presumed to line the alveolus since the
first mechanical studies of liquid-filled lungs were
performed by von Neergaard in 1928.'5 Morpho-
logical studies have repeatedly failed to reveal such a
lining'6 but show the surface fluid as confined to
"pools" in the septal corners and other less regular
areas-just as one would predict from pouring water
on to a rough hydrophobic surface. ' Many res-
piratory physiologists have dismissed electron micro-
graphs as too prone to preparation artefact; but a few
have devised experiments to detect the liquid lining
layer. Their results have been positive, " lX but in each
case the method required contact of a probe or
foreign liquid with the surface and would naturally
show fluid to be present since it was equivalent to
"touching the tent in the rain," so invalidating any
conclusion. Needless to say, we are pursuing non-
tactile methods in this laboratory. My personal
opinion is that the electron micrographs are probably

correct, for when the authorities who showed
mammalian lungs to be largely dry'6 use the same
techniques on the lungs of animals-for example,
frogs-which could derive a functional advantage
from a continuous liquid lining to their lungs this is
indeed what they find. "9 Creatures with these "wet"
lungs also have a rate of fluid filtration through the
pulmonary capillary walls that is 10-20 times that
found in mammals,20 which would be anticipated if
flow in the pores were no longer inhibited by water
repellency. The rapid acceleration of alveolar flood-
ing which has been observed in dogs with prolonged
pulmonary hypertension5 can be attributed to wetting
of the alveolar surface by the encroaching oedema,
and hence wetting of the dry ends of those pores
which had hitherto resisted the burst-through of fluid
into the alveolus. Thus more pores are recruited to
augment flow into the alveoli.
The popular concept of the bubble lining, as

distinct from an essentially dry alveolus,is needed
by conventional theory to provide the air-aqueous
interface at which surfactants can be located as if they
were simple detergents, and hence to explain their
role as though their only property were their ability to
modify surface tension. Once accepted, the bubble
model becomes self-perpetuating in the hypothetical
problems it generates. For instance, if we make
the popular assumption that there is a continuous
aqueous hypophase, we must then allow for the
tendency of a bubble to shrink (see the Laplace
equation below) and consequently explain why the
larger bubbles do not grow and the smaller ones
shrink-that is, why there is alveolar stability.2' In the
first lecture on pulmonary mechanics the student is
often shown a picture of a large and a small bubble at
either end of a closed tube and asked what would
happen if the interconnecting valve were opened. He
usually makes the wrong guess and is corrected by
being told that the larger bubble grows at the expense
of the smaller one (as in the equation below), thus
demonstrating the alveolar instability which would
occur if further surface tension characteristics were
not attributed to the surfactant. This would never be a
problem in the first place, however, if the normal
alveolar surface were essentially dry. But when a
powerful wetting agent (Tween 20) is instilled into the
alveoli alveolar instability is introduced,22 indicating
that only when the dry surfaces become wet does the
liquid lining become continuous and act as a bubble to
introduce the problem of instability.
A further example that the traditional "bubble"

approach to the alveolar lining is self-generating in
theory is the textbook model of adjacent bubbles
shrinking and thus pulling fluid into the intervening
space as interstitial oedema.2' Thus surfactant is
claimed to exert a desirable effect by reducing surface
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tension (-y) and hence the pressure (AP) with which
the adjacent bubbles of radius r are tending to
collapse in accordance with the Laplace equation: AP
= 2y/r.
The lowest values of the collapsing pressure (AP)

would occur for the least curvature (rT) corres-
ponding to a spherical alveolus. For the minimum
surface tension (,y) of 26 dyne/cm measured under
physiological conditions,23 and r = 148 ,um for man,24
the most conservative (lowest) value for APwould be
5-2 mm Hg in man. For small mammals such as the
bat, however.where r = 14- 5 um,25 and the shrew (r =
16 ,um), the most conservative collapsing pressures
are 27 mm Hg and 25 mm Hg respectively. These
values are ridiculous not only because they exceed the
safety factor for pulmonary oedema but because they
represent an impossible inflation pressure for normal
breathing. On the other hand, if mammalian lungs
are essentially dry and there is no continuous liquid
lining in the first place, then there would be no hypo-
thetical bubbles and thus no collapsing pressure.
At the microscopic level the collapsing pressures

must be the same for all points on a continuous liquid
layer or fluid would flow along the surface until they
were. Thus it is inconceivable that a "moonscape"
such as the alveolar surface-with curvatures varying
from strongly convex in some areas (r << 0) to gently
concave (r>O) in others-could be in hydrodynamic
continuity without the intervening spaces drying out
or oedema collecting to a degree where the air space
was reduced to a spherical core inconsistent with
normal lung fluid content.

In making such a major divergence from standard
textbook theory by proposing that the alveolar
surface is normally dry'2-which has the important
advantage of offering the minimum resistance to the
diffusion of oxygen and carbon dioxide across the
blood-air barrier-we must look beyond homeostasis
and briefly consider the mechanical aspects for which
the bubble model was proposed in the first place.'"
The increased compliance imparted by liquid filling is
as compatible with removal of the liquid "bracing" of
the corners and wetting of a solid surface as it is with
elimination of the air-aqueous interface provided by
the bubble model. Solids possess surface energy just
like liquids26 but their surface tensions are only of
interest when surface area changes as it does in the
lung, so that a dry pulmonary epithelium could still
provide the compliance changes observed on liquid
filling.
To return to the conventional model of a con-

tinuous bubble lining, the collapsing pressure (AP in
the Laplace equation) was estimated to be physio-
logically feasible in large mammals but much too
high for small mammals-unless surfactants could
reduce surface tension to below about 5 dyne/cm.

Such values abound in published reports27 but refer to
measurements made at room temperature and ignore
a large contact angle found under such conditions.28
These apparently incorrect values have been empha-
ised as a means by which surfactants can "make brea-
thing easy" by reducing the pressure needed to inflate
the alveolus as though it were a bubble. This popular
statement would be fine if wewereto breathe withour
lungs excised as in a laboratory experiment, but in
vivo the lungs are encased in the chest wall, with
which they exchange potential energy just as an
elevator exchanges potential energy with its counter-
weight. The lung therefore needs the capacity to store
potential energy as surface energy and thus a
moderate surface tension. Calculations of the balance
between chest wall and lung recoils indicate an
optimal surface tension of about 26 dyne/cm'2-just
the value found experimentally when surface tension
is measured under simultaneously simulated physio-
logical conditions, including humidification at 37°C.23
A lower value would be equivalent to reducing the
counterweight on the elevator and so forcing the
motor to work harder. A higher surface tension is also
consistent with better water repellency'4 if accom-
panied by a contact angle such as that shown on
tracheal epithelium.29
Having seen the compatibility of basic pulmonary

mechanics and homeostasis with the concept of an
essentially dry alveolar surface and hence water
repellency as the mechanism for providing the
pressure threshold for oedema formation, we may
now consider pathological states. If the threshold is
exceeded and the alveoli flood, then what natural
forces would this model offer for eventually restoring
homeostasis and how could these be aided?
When the pressure of fluid retained by any water

repellent barrier is raised just above the retention
pressure, spherical domes of fluid can be seen to
emerge from the pores. The surface configuration is
convex but the surface tension force resisting further
exudation decreases as the drop is enlarged (API as
rT in the Laplace equation). At some point the drops
then start to merge, which means that in the lung they
would form a concave surface that would now tend to
suck more fluid into the alveolus. In other words, the
invading- fluid would now form the bubble of the
conventional model, greatly increasing the rate
of flooding, introducing alveolar instability,
and enhancing interstitial oedema formation-as
observed in practice.422 This is now a pathological
state,however, rather than the normal physiological
state to which the bubble approach is conventionally
applied.
The question then arises of how such a condition

can be reversed. If the vascular driving pressure is
reduced below the critical capillary pressure, then the
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fact that flooding continues' is probably due to the
fact that the collapsing pressure in the equation is too
negative owing to the small core of air and thus the
small negative (concave) value of r. If the flooding
is not extensive, then the surfactants remaining
adsorbed on the alveolar wall can act as dewatering
agents, similar to their industrial counterparts'2 in
mobilising the supernatant fluid towards the corners.
This would tend to restore the dry surface and hence
water repellency. The phenomenon is similar to that
observed in siphoning water out of a teflon-lined
frying pan. The liquid layer does not reduce to an
infinitely thin layer as it would on a hydrophilic
surface but breaks up when it is about 1 mm thick to
expose some dry surface. We have shown the same
phenomenon with water over pulmonary surfactants
adsorbed directly on to tissue. In the lung this "frying
pan" phenomenon would be facilitated by positive
end-expiratory pressure in expanding the lung to
reduce the liquid layer to the point where it would
break up and expose more gas-transfer surface. This
would explain why the arterial oxygen tension rises
immediately positive end-ex1piratory pressure is
applied and long before there has been any oppor-
tunity to resolve the fluid.30

This argument would imply that adding a further
hydrophobic coating to the dry surfaces would
improve both water repellency and the dewatering
capability once oedema had formed. This has been
shown to some degree by Luisada and Cardi,3'
who found protection against pulmonary oedema
afforded by antifoaming agents such as the silicones;
but such compounds act by increasing contact angle
and are also water repellents.
The final question is how to identify the forces

which are available for resolving the fluid pushed into
the corners by the natural dewatering capability of a
hydrophobic surface, either acting alone or aided by
positive end-expiratory pressure. Such a surface
enables the pools to have an "edge" by allowing a
contact angle, for which values as high as 670 have
been obtained on pulmonary epithelial surfaces.29
This means that fluid can be accumulated in the cor-
ners without the wetted area necessarily spreading.
The liquid can now assume a convex profile with
respect to the air and hence exert a positive force
tending to return fluid to the interstitium. This force
would be self-regulating since it would decrease as the
oedema is resolved with the decrease in the curvature
of the corner pool (rT in the equation). These "corner
pumps"'4 could thus provide a very simple yet effec-
tive means of resolving alveolar oedema.

Morphological evidence for their existence is
provided in the electron micrograph of oedematous
lungs taken by Kisch,32 in which large contact angles
can be seen at the boundary between the airway

surface and adhering "droplets" of diameters less
than 2 R,m. If we substitute r = I p.m andy = 26 dyne/
cm, the Laplace equation gives AP = 380 mm Hg,
indicating that the "corner pump" can exert a large
force if needed. This might explain the remarkable
finding of Matthay et al3' that a 14% solution
of macromolecular protein instilled into the lower
airways, can still be absorbed across the alveolar wall
despite its theoretical oncotic pressure of 140 cm wg.
Thus the "corner pump" offers a particularly

simple, effective, and self-regulating mechanism for
the lung to resolve oedema-and one compatible
with the basic physiology once we discard the con-
ventional bubble model of the alveolus as relevant
to any but the advanced pathological state of an
oedematous lung.
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