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EDITORIAL

Effective pulmonary capillary pressure

F.A. Grimbert

The adult respiratory distress syndrome (ARDS) is
almost invariably accompanied by permesability pulmo-
nary oedema, usually appearing in the first few hours
[1,2]. Theextent and therefore the seriousness of this
cedema is proportional to the [iltration of fluid and
proteins through the pulmonary vascular endotheliom.
The extreme sensitivity of this filtrauon to variations of
capillary pressure should lead us to considee any
lowering, however small, of the lalter as an esscntial
weatment of permeability pulmonary oedema [3, 4].

Permeability pulmonary oedema (resulting from an
increasc in pulmonary capillary permeability), contrasts
with hydrostatic pulmonary cedema (resulting from an
increase in hydrostatic pressure). The increase in cap-
illary permcability is difficult to observe; we arc there-
fore led to define permeability pulmonary oedema as an
oedema with no increase in hydrostatic pressure. Re-
ccnily, numcrous experimental studies have questioned
this dichotomy between hydrostatic and permeability
pulmonary ocdema. It has been shown in sheep that,
in the development of pulmonary ocdeina, an increase
in  hydrostatic pressure can be followed by an
increase in permeability [5]. Experimental studies on
dogs have shown that a large increase in hydrostatic
pressure can increase permeability [6]. Other studies
have shown an increase in hydrostatic pressurc and an
increasc in permeability 10 occur simullancously [7).
Coincidence of an increase in hydrostatic pressure and
an incrcasc in permeability scems 1w be frequent.
Does this cocxistence within the same experimental or
clinical model question the necessity of distinguishing
between them? T think not.

Starling’s equation

The appropriate treaunent varics according to the
relative extent of these two physiopathological mecha-
nisms whatever the type of pulmonary oedema. To
onderstand this, we must refer to Starling’s equation
which describcs the relationship between the forees
which govern the filtration of fluid from the infravas-
cular o the extravascular compartment, excessive flow
resulting in oedema:

Qfc=Kic (AP — o An)
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The capillary filiration rate (Qfc) is a function of the
hydrostatic {(AP) and oncotic (An) pressure gradients on
either side of the capillary wall, and of the capillary
filtration coefficient (Kfc) which is the product of the
exchange surface arca and the coefficient of hydraulic
conductivity. AP is the difference between intra-
vascular and interstitial hydrostatic pressures. The
iniravascular pressure which intervenes in the filtration
process in West’s zone 3 is the intracapillary pressure
[8], except perhaps in the case of micmembolisation
{9]. As for intersritial pressure, it hardly varies, with
just a few exceptions (pulmonary cedema following
either a tracheal obstruction [10] or the re-expansion
of a collapsed lung). The variations of the term AP
therefore depend almost wholly upon variations in
capillary pressure.

The term o Ar is the product of the difference (An)
between plasma and inlerstitial oncolic pressures, by
factor o, which is the protein reflection coefficient
of the capillary wall. The importancc of o cannot
be overemphasized: in fact, it expmsses the protein
permeability of the capillary wall. When the later
increases o drops towards zero resulting in the dimi-
nution of o Am. It follows that the capillary lesion
will usually either reduce or supress the oncotic
counter-pressure. To this may be added an incease in
the filtration coefficient Kfc, the whole process
making the filtration rate very sensilive to any
increase in capillary pressure. In dogs, we have been
able 10 calculate that a rise of 3 mmHg of capillary
pressure mulliples the filtration rate by a facior of 8
in the areas affected by inhalation of acid, whereas
this factor is only 2 in intact areas [11). The
sensitivity of injured lungs to an increase in capillary
pressure is confirmed by measurements of lung
exlravascular water [11, 12].

Capillary pressure and filiration rate

One of the standard methods of testing capillary
permeability in expenmental models of pulmonary
ocdema uses this sensitivily of filtration rate o vari-
ations in capillary pressure. The method compares the
increase in protcin filtration for the same increase in
capillary pressure in intact and injured lungs. In
certain protocols where the maximum protein filtration
ratc is approached [7, 11, 13-15], the increases in
prolein clearance are compared. The interpretation of
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wance increases is not unequivocal

ly been discussed in some general

. Tegarding their meaning: an increase

mneability and/or capillary exchange

lowever, if the increase in capillary
pemmmmme e .. MAXimum protein filration rate to be
reached, it should be possible to calculate o directly
[17, 18], This technique has been used in certain
experimental protocols [19, 201 and is presently the
method of choice for measurement of capillary protein
permeability. It is worth noting that the increases in
capillary pressure also cause gravimetric variations of
the lung from which Kfc can be measured [21, 22].
In man, clearance of plasma albumin into alveolar
fluid {sampied by bronchoalveolar lavage) has been
estimated in hydrostatic or permeability pulmonary
ocdemas by SmeaLp ef al. These authors have shown
that protein clearance increases propontionally to pul-
monary capillary pressure. The slope of the albumin
clearancefcapillary pressure relationship is fourteen
times greater in a patient affected by ARDS than in
one with hydrostatic pulmonary cedema [23].

An increase in pulmonary capillary permeability is
more often than not secondary [o inflammatory
phenomena. It is difficult to judge the right moment for
anli-inflammatory treatment, given Lhe frequency of
superinfeclions in these patients [24] and the absence
of satisfactory methods of measuring permeability in
man, On the other hand, an increase in capillary pres-
sure is easier to measure and comect; above all,
lowering the pressure is always effective, whether or
not permeability is increased. The beneficial effect of
lowering pulmonary capillary pressure has been
demonstrated in experimental smdies using several
models of permeability oedema, either afier injections
of pseudomonas [25], endotoxin {26, 27), gaseous emboli
[28], oleic acid [29-32), or inhalation of acid [33-37]. Ar-
guments in favour of a lime-limited deplelive (herapy
have been provided by a recent experimental study
where a temporary lowering of hydrostatic pressure al-
lowed the stabilization of a permeability oedema
resulling from an injection of cleic acid [38).

Definition of effective pulmonary pressure

Having eswablished the importance of pulmonary
capillary pressure, how can it be measured at the
palients’ bedside? Permeability cedema is often accom-
panied by an increase in pulmonary arterial pressure,
whilst pulmonary venous pressure hardly changes;
which means for an identical pulmonary blood flow
an increase in  pulmonary vascular resistance. The
distribution of this increase in vascular resistance
determines the value of capillary pressure. If the
increase in vascular resistance occurs on the arterial
side, capillary pressure does not change. Conversely,
if it occurs on the venous side, capillary pressure ap-
proaches the value of pulmonary arterial pressure. In
either case, capillary filiralion pressure cannot be
estimated by pulmonary capillary wedge pressure
obtained afler inflation of the balloon of a Swan-
Ganz catheter. This is due to the fact that the balioon

interrupts the blood flow in one pulmonary segment
and suppresses any pressure difference through that
segment. Pulmonary capillary wedge pressure meas-
urcd by the catheter below the balloon is the
pressure found in the pulmonary veins if the end of
the catheter is situated in zone 3; it should ideally
correspond to the end-diastolic pressure in the left ven-
tricle. Capillary wedge pressure thus depends on the
left ventricular end-diastolic pressure but is not
capillary filration pressure. In order to avoid
semantic confusion between pulmonary capillary
wedge pressure and pulmonary capillary filtration
pressure, the name effective pulmonary capillary
pressure  {39] has been suggested and we shall use it
from now on.

Measurement

Since effective pulmonary capillary presswe is not
the same as pulmonary capillary wedge pressure,
how can it be measured? Measurement may be
obtained experimentally vsing various techniques. A
direct measurement may be performed by micropunc-
ture of sub-pleural capillaries of isolated perfused
lungs [40], or by catheters introduced into pulmonary
arteries and veins of small diameter [41]. An indirect
technique, known as the isogravimetric method using
isolated perfused lungs, measures pressure in vessels
where filtration takes place [42]. If pulmonary arierial
pressure is increased in stages, while pulmonary
venous pressure is simultaneously reduced, without al-
lowing the weight of the lungs (or their fluid content)
to change, swaight lines can be drawn between
arterial and venous pressures at each stage. Their inter-
section is at the level of effective capillary pressure.
Gaar’s equation, obtained from the measurement of
isogravimetric pressure in normal lung, evaluates
venous resistance as about 40% of total resistance. Nor-
mal effective capillary pressure can then be calcu-
lated as venous pressure plus 40% of the arterio-venous
pressure gradient.

Another method for measuring capillary pressure
has been developed recently {43). It uses an analysis
of pulmonary arerial and venous occlusion pressure
profiles and has made possible the study of longitudi-
nal dismibution of compliance and resistance in the
pulmonary circolalion, Pulmonary vascular compliance
is mostly distributed in the median or capillary
compartment and pulmonary vascular resistance is
mostly, but not exclusively, distributed on either side
of the capillary compartment ie. in arterial and
venpus compartments. Used firstly in isolated perfused
canine Jungs [8, 43—45], the technique of analysis of
arterial and venous occlusion pressure profiles was
later applied, to canine lungs in situ, by means of a
Swan-Ganz balloon catheter [39]. Measurements in
intensive care patients rapidly followed [46-48], using
puimonary arterial occlusion pressure profile analysis,
which is easier to obtain.

The course of the pulmonary arterigl pressure curve
after occlusion with a Swan-Ganz catheter balloon is
characteristic. Immediately after occlusion, the curve de-



EFFECTTVE PULMOMARY CAPILLARY PRESSURE 299

creases according 1o a first exponential whose slope is
steep enough to be confused with a straight line, This
profile reveals the rapid emptying of the uncompliant
arterial compartment (hrough the pulmonary vascular
resistance. The curve then changes inio a second
exponential whose slope is less steep, until it reaches
the level of pulmonary capillary wedge pressure. This
second cxponential reveals the slow cmptying of the
capillary compartment which is very compliant, through
the venous resistance. For each of these comparmments,
the initial slope of the drop in pressure (dP/dL) is
inversely proportional to their time constant,ie. o the
preduct (R-C) of their resitance and compliancc. Once
the initial slope and the amplitude of the drop in
pressure in each of these compartments are known,
compliance and resistance can be calculated. Capillary
pressure is the pressure existing in Lhe capillary com-
partment immedialely before it empties, and can be
estimated either by extrapolating the secomd exponen-
tial al the moment of occlusion, or by identifying the
inflexion point of the arterial occlusion curve (afier
fillering) corresponding to the pressurc level where
the curve profile changes from a quasilinear appear-
ance to that of an exponential. HoLLowaY’s study on
lungs in situ [39] showed the existence of a good
correlation between these two methods of measure-
ment, namcly extrapolation at the moment of
occlusion and identification of the point of inflexion.
The first method is more precise, but in practice
necessitates computerized processing of the signal.
The second can be carried out with no more than a
graphic recorder.

Does this so-called capillary pressure, obtained from
arterial occlusion pressure profiles, represent effecrive
capillary filtration pressure? Swdies carried out on
isolated perfuscd canine lungs show (hat the point of
inflexion of the arerial occlusion pressure profile
overestimates to a greater or lesser exiemt effeciive
capillary pressure measwed by the isogravimetric
method as a reference [49]. The overestimation is
proportional to capillary compartment resistance, which
increases with pulmonary alveolar volume [50, 51],
hypoxia [52, 53], haematocrit [54] and permeability oe-
dema caused by a toxic, alpha-naphthylthiourea [55].
Conversely, pressure increases in the pulmonary circu-
lation, whether caused by a rise in blood flow [43,
56], venous pressure [43] or a simultaneous rise in
arterial and venous pressures [49), cause a relative drop
in capillary resistance, resuiting in a better evaluation
of effective capillary pressure from the arerial occlu-
sion pressure profile.

As for measuremenis in vivo, they can only be com-
pared to values calculated in intact lungs according to
Gaar's equation [42]. The only isogravimetric meas-
urcments in vivo available are those of GABEL and
DRAKE [57] and give values which hardly differ from
those obtained using Gaar's equation. However, it
must be remembered that experimental data concemn-
ing the validity of Gaar’s equation applied to hydrostatic
or permeability oedema are still sparse. In isolated
perfused lungs [55, 58] or lungs in site (57], hydro-
static cedema resulls in few modifications of the

arterial or venous partition of pulmonary vascular re-
sistance. This does not apply to permeability pulmo-
nary cedema, According to experimental models, the ve-
nous resistance/total resistance ratio, and therefore ¢f-
fective capillary pressure, can either increase, as it
does after an injection of oleic acid or endotoxin {59,
60]; remain unchanged, as afler an injection of alpha-
napthylthiourea [55], or diminish, as after microemboli-
sation [61]. Thus, there is a clear need for studies
showing & comparison between several different
methods  of estimating effective capillary pressure in
various experimental models of permeability oedema.

For canine lungs in sifu, there is good comelation
belwecn capillary pressure estimaled by the inflexion
point of the arterial occlusion pressure profile and that
calculated by Gaar’s equation [3%9,62]. In man, in the
immediate post-operative period following major sur-
gery, measured capillary pressure is slightly lower
than (hat calculated by Gaar’s equation {47, 48). In
ARDS, where pressures existing in the pulmonary
circulation are high, measwred values are practically
identical with those calculated from Gaar’s equakion
{46, 48]. It is noteworthy that in ARDS pulmonary
capillary wedge pressure can underestimate effective
capiliary pressure by at least 10 mmHg [46, 48],
whether the latier is measured or calculated.

The method of measurement of effective capillary
pressure by anerial occlusion pressure profile has a
number of limitations. Some are inlerent in the
prnciple of the method: as seen above, a large
increase in capillary resistance [50-55] resulis in an
overestimation of effective pulmonary capiliary pres-
sure. Permeability oedemas are sometimes distributed
very irregularly, and one cannot exwapolale one
segmental measure to the whole lung.

There are also practical limitations: 1} it is some-
times impossible 1o measure occlusion pressure above
a pulmonary embolism [63]; 2) the occlusion has 1o
be made between two respiratory excursions [64] but
in practice this is not always possible; 3} occlusion by
the balloon can occur during the systolic or diastolic
phase of the pulmonary arierial pressure curve thus
resulting in variability of the estimated efective
capillary pressure; 4) finally, important modifcations
of arterial or capillary resistance and compliance and
the appearance of a resistance between the pulmonary
veins and the left atnum can interfere with the
processing of the pressure signal.

Clinical application

What is the clinical application of the measurement
of effective capillary pressure? 1L is essential to measure
effective capillary pressure in cases where there is a
considerable difference between pulmonary arterial
and venous pressure since the effecis of a possible
change in the venous resistanceftotal resistance ratio
are then amplified. This occurs in a number of
hydrostatic pulmonary oedemas. Similarly, during the
phase of permeability cedema in ARDS, there is not
only a considcrable arterio-venous pressure gradient
but also extreme sensitivity of capillary filration to
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apillary pressure. Permeability pulmo-
in both it3 diagnosis and Lreatment,
: one of the ficlds in which the
of effective capillary pressure has been
pst useful,
your study (48], therapeutic techniques
ed in intensive care can modify the
s rnneeme s CEflOMA] TESiSIARCce ratio and hence effec-
tive capiliary pressure both in the post-operative period
and durings ARDS. These obscrvations confirm that it
is possible to modify the longitdinal distribution of
puimonary vascular resistance and therefore of effective
capillary pressure by drmugs [65]. COPE et al. {47] have
shown in canine lungs in situ that perfusion of
serotonin  lowers the venous resislance/intal resistance
ratio from 34 to 21%, resulting in an increase of 1
mmHg in effective capillary pressure whilst pulmo-
nary arerial pressure rises by 7 mmHg. In the
same experimental conditions, histamine brings about
a rise of 2 mmHg in pulmonary arterial pressure but
effective capillary pressure increases by 3 mmHg as
the venous resistance/iolal resislance ratio rises from
34 1o 40%. Serotonin and histamine, like arachidonic
acid, are among those vasocactive substances whosc
involvement in the inflammatory process of ARDS has
been sugpested [66-69]. These examples are cases
where the calculation of effective capillary pressure
by Gaar’s equation is invalid. These observaiions
confirm the imporiance of developing an con line treat-
ment of the arerial occlusion pressure signal, allowing
clinicians t0 measure effective pulmonary capillary
presswre rapidly and (o evaluate the effects of therapy
during the critical phase of permeability oedema in
ARDS.

The measurement of effective pulmonary capillary
pressure in ARDS has so many advantages over that of
pulmonary capillary wedge pressure or even ils esli-
malion by Gaar’s equation that it should be made
despite Lhe limitations described above.

In all condilions effective pulmonary capillary pres-
sure is the determining factor in pulmonary capillary
filtration. Its increase is the first cause of hydrosiatic
pulmonary ocdema [70] and considerably accentuates
permeability ocdema. The lowcring of effective pulmo-
nary capillary pressure, as a rccent editorial pointed
ouf [16], remains the comersione of any treatment for
pulmonary oedema, including permeability pulmonary
ocdema. The dangers o the sysiemic circulalion
resulting from Mreatments designed o lower pulmonary
capillay pressure {water restriction, diuretics, vasodila-
tors, etc...) can be lessened if these are administered
only during the phase, sometimes very brief, when
permeability ocdema is predominant in ARDS,
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