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Introduction

The bedside estimation of left ventricular (LV) perfor-
mance of critically ill patients is an important aspect of
the diagnosis and management of these patients. Ever
since the introduction of the balloon flotation pulmonary
catheterization, health care providers have used measure-
ments of pulmonary artery occlusion pressure (Ppao) to
estimate both pulmonary venous pressure and LV pre-
load. However, the significance of any specific value for
Ppao in the diagnosis and treatment of cardiovascular in-
sufficiency in patients with diseases other than cardio-
genic shock has never been validated. The reasons for
this continued uncertainty reflect both intrinsic inaccura-
cies in the measurement of Ppao and misconceptions
about their physiological significance. In this first Physi-
ological Note we shall discuss problems in the accurate
measurement of Ppao at the bedside, while in the second
Physiological Note we shall discuss the physiological
significance of Ppao measurements.

Measurement of pulmonary artery occlusion 
pressure

Balloon occlusion

Intravascular pressure, as determined using a water-filled
catheter connected to an electronic pressure transducer,
measures the pressure at the first point of flow and with
a frequency response determined primarily by the stiff-
ness and length of the tubing. Balloon occlusion of the
pulmonary artery stops all flow distal to that point until
the pulmonary veins converge about 1.5 cm from the left
atrium. Thus, if a continuous column of blood is present
from the catheter tip to the left heart, then Ppao measures
pulmonary venous pressure at this first junction, or J-1
point, of the pulmonary veins [1].

Hydrostatic influences

If one places the pressure transducer at a point lower
than the catheter tip, then the pressure recorded will be
greater than the pressure at the catheter tip by an amount
equal to that height difference. Since pressure is usually
measured in millimeters of mercury and the density of
mercury relative to water is 13.6, for every 1.36 cm the
transducer lies lower than the catheter tip the measured
pressure will increase by 1 mmHg. Placing the transduc-
er at the mid-axillary line references both the catheter tip
and the transducer to a common cardiovascular point,
such that even if the catheter tip is higher or lower than
this reference point, the hemodynamic measure still uses
the heart’s level as zero [2].

Pressure profile during occlusion maneuver

The stiffer a vascular catheter is, the more faithfully it
will transmit rapid changes in pressure at the catheter tip
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to the electronic pressure transducer. When a pulmonary
arterial catheter’s distal balloon is inflated, three things
happen simultaneously (Fig. 1). First, the catheter rapid-
ly migrates more distally into the pulmonary vasculature,
carried by the force of pulmonary blood flow against the
inflated balloon until it impacts upon a medium-sized
pulmonary artery whose internal diameter is the same or
less than that of the balloon. This rapid swing induces a
ringing of the pressure system as the tip impacts onto the
smaller vessel. Second, as downstream pulmonary blood
flow ceases, distal pulmonary arterial pressure falls in a
double exponential fashion to a minimal value, reflecting
the pressure in the pulmonary vasculature downstream
from the point of occlusion. Third, the column of water
at the end of the catheter is now extended to include the

pulmonary vascular circuit up to the point of blood flow.
Since the vasculature is compliant relative to the cathe-
ter, vascular pressure signals dampen. Thus, the two pri-
mary aspects of Ppao measurements are that they are less
than pulmonary arterial diastolic pressure and their
waveforms are dampened relative to the non-occluded
state.

Pulmonary capillary pressure

It is very important to understand that Ppao is not the
pulmonary capillary pressure. The pressure at the capil-
lary site, however, can be estimated from the pulmonary
artery pressure tracing during an occlusion. At the in-
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Fig. 1 Strip chart recording of
pulmonary artery pressure
(Ppa) to balloon occlusion
(Ppao) as hemodynamic condi-
tions change. Note the change
in pressure waveform with oc-
clusion and the logarithmic na-
ture of the pressure decay. Also
note that when alveolar pres-
sure compresses the pulmonary
capillaries, the change in Ppao
during ventilation exceeds the
change in Ppa



stant of balloon occlusion, the pressure distal to the cath-
eter tip decreases as pressure and blood discharge into
the downstream pulmonary vessels. Flow across the pul-
monary vasculature can be considered to reflect two dy-
namic components: flow from a proximal pulmonary ar-
terial capacitance system across an arterial resistance in-
to a pulmonary capillary capacitance system, then across
a pulmonary venous resistor into the pulmonary venous
capacitor. Pressure in the latter is measured as Ppao.
Thus, the downstream pulmonary arterial pressure de-
creases as the pulmonary arterial capacitor discharges its
blood into the pulmonary capillary system. When the
pressure in the pulmonary artery and capillary are equal,
the pressure continues to discharge across the venous re-
sistor. Plotting the log of pulmonary arterial pressure
over time during its pressure decay can separate these
two distinct pressure decay patterns. A clear inflection
point is often seen, reflecting pulmonary capillary pres-
sure. Usually it occurs two-thirds of the way between
pulmonary diastolic pressure and Ppao, because two-
thirds of the pulmonary vascular resistance is in the arte-
ries.

By separating the pressure drop into arterial and ve-
nous components, one can calculate total pulmonary vas-
cular resistance as the ratio of the difference between
mean pulmonary artery pressure and Ppao to cardiac out-
put, and pulmonary arterial and venous resistances as the
proportional amounts of this pressure drop on either side
of the capillaries [3]. Using such an analysis, it has been
shown that, in acute respiratory distress syndrome
(ARDS), once pulmonary vascular obliteration occurs,
pulmonary capillary pressure often exceeds Ppao by a
considerable amount because pulmonary venous resis-
tance increases. Thus, some “low pressure” pulmonary
edema characterized by low Ppao values in a hyperdy-
namic state may actually reflect hydrostatic pulmonary
edema.

Since the pulmonary vasculature has a measurable re-
sistance, pressure inside the pulmonary arteries decreas-
es along its length. The original pulmonary artery cathe-
ter method to measure left-sided pressures was to
“wedge” a very small catheter into a small pulmonary ar-
teriole, the so-called “wedge” pressure measurement.
Wedge pressure is not Ppao. Since collateral flow and
vessel diameter are different, wedge pressure tends to be
slightly lower than Ppao values. Realistically, this is of
little importance, except in remembering not to call Ppao
“wedge pressure.”

Airway pressure and pulmonary artery 
occlusion pressure

Since a continuous column of fluid is required for a stop-
flow pulmonary arterial catheter to sense pulmonary ve-
nous pressure at the J-1 point, if alveolar pressure (Palv)

increases too much above left atrial pressure, the pulmo-
nary vasculature in the zone of the occluded vessels may
collapse such that the occlusion pressure senses actually
reflect more airway pressure (Paw) than Ppao. Such con-
ditions classically occur in West zones 1 and 2. Howev-
er, under conditions in which Paw exceeds left atrial
pressure, Ppao may still reflect left atrial pressure and its
change. The reasons are two-fold. First, if the vascular
region occluded is in a dependent region, then pulmona-
ry capillary pressure will be greater than Ppao because of
the effect of gravity on dependent vessels. Since balloon
occlusion tends to occur in vessels with flow and more
flow goes to dependent regions, this is a common event.
However, even in non-dependent regions, a continuous
column of fluid may persist in clear Zone 2 conditions
(i.e. Paw >Ppao) when Paw is not much greater than
Ppao. Presumably the corner vessel alveolar capillaries
remain patent while the mid-wall capillaries flatten.

Once Paw increases enough relative to left atrial pres-
sure, the distal tip of the balloon-occluded catheter sens-
es Palv rather than Ppao. However, such conditions are
easy to identify at the bedside because the respiratory in-
creases in Ppao during this condition exceed the respira-
tory swings in pulmonary arterial diastolic pressure. This
is because the pulmonary vasculature senses pleural
pressure (Ppl) as its surrounding pressure, whereas the
alveoli sense Paw as their pressure. With inspiration,
transpulmonary pressure, the difference between Ppl and
Paw, increases. Prior to balloon occlusion, pulmonary ar-
terial pressures reflect a patent vasculature, thus pulmo-
nary diastolic pressure will vary with pleural pressure.
Thus, if Ppao senses Paw rather than Ppl, then it will in-
crease more during inspiration [4] (Fig. 1). 

Pleural pressure and pulmonary artery occlusion pressure

Ventilation causes significant swings in Ppl. Pulmonary
vascular pressures, when measured relative to atmo-
spheric pressure, will reflect these respiratory changes.
To minimize the impact that ventilation has on the pul-
monary vascular values measured, these variables are
conventionally measured at end-expiration. This point is
picked because it reflects a common point easily re-
turned to even as ventilation changes, rather than the av-
erage hemodynamic position. During quiet spontaneous
breathing, end-expiration occurs at the highest vascular
pressure values whereas, during positive-pressure breath-
ing, end-expiration occurs at the lowest vascular pres-
sure values. With assisted ventilation, where both spon-
taneous and positive-pressure breathing coincide, it is of-
ten difficult to define end-expiration. In addition, a high
respiratory drive during spontaneous or assisted breath-
ing usually results in expiratory muscles recruitment,
making end-expiration unreliable for estimating intravas-
cular pressures [5]. These limitations are the primary
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reasons for inaccuracies in estimating Ppao at the bed-
side.

Positive-end expiratory pressure (PEEP) 
and hyperinflation

Even if one measures an actual Ppao value reflecting a
continuous column of fluid from the catheter tip to the J-
1 point and correctly identified end-expiration, one may
still overestimate Ppao if Ppl is elevated. Hyperinflation,
either due to extrinsic or intrinsic PEEP, will increase
end-expiratory Ppl relative to the increase in PEEP and
lung and chest wall compliance. Because Palv is partly
transmitted to Ppl, end-expiratory Ppao overestimates
LV filling pressure if PEEP is present. Unfortunately, it
is not possible to predict with much accuracy the degree
to which increases in PEEP will increase Ppl. One can
remove a patient from PEEP to measure Ppao, but this
will cause blood volume shifts with increases in Ppao
that will not reflect the on-PEEP cardiovascular state.
What the clinician needs is a measure of LV filling pres-
sure while on PEEP. Regrettably, because of differences
in lung and chest wall compliance among patients and
changes in each over time, one cannot assume a fixed re-
lation between increases in Paw and Ppl. Thus, in sub-
jects with compliant lungs but stiff chest walls most of
the increase in PEEP will be reflected in an increase in
Ppl, whereas in those with markedly reduced lung com-
pliance Ppl may increase very little, if at all, with the ap-
plication of PEEP [6].

Two techniques allow for the accurate estimation of
Ppao even if lung hyperinflation is present. In patients on
PEEP without airflow obstruction, measuring Ppao at
end-expiration while the airway is transiently disconnect-
ed (<3 s) results in a sudden loss of hyperinflation and a

fall in Ppao to a nadir value. This nadir Ppao value accu-
rately reflects on-PEEP LV filling pressure in patients on
15 cmH2O or less [6]. It may be accurate above this val-
ue, but that question has not been studied. However, in
subjects with intrinsic PEEP, transiently removing them
from a ventilator may not result in lung deflation to off-
PEEP levels. Ppao values can still be measured, but using
a more indirect technique. One may calculate a transmu-
ral value of end-expiratory Ppao as a ratio of airway to
pleural pressure changes during a breath. Since Ppao will
vary with Ppl and Paw can be measured directly, the pro-
portional transmission of pressure from the airway to the
pleural surface, referred to as the index of transmission
(IT), equals the ratio of the differences between changes
in Ppao and Paw during a breath. Thus, one may calculate
the transmural Ppao = end-expiratory Ppao –(IT × total
PEEP), where IT is an index of transmission of Palv to
Ppao calculated as IT = (end-inspiratory Ppao –end-expi-
ratory Ppao)/(plateau pressure –total PEEP). Paw needs
to be transformed from centimeters of water into millime-
ters of mercury. Recall that total PEEP equals intrinsic
plus extrinsic PEEP. This formula, though complicated,
can be easily derived at the bedside from readily avail-
able values, and carries the added advantage of not re-
quiring airway disconnection to derive it [7].

Summary

Technical limitations in the accurate measurement of
Ppao and its change in response to therapy are daunting,
but surmountable. By using a firm understanding of the
technical determinants of Ppao during ventilation one
may measure it accurately at the bedside under almost
any situation. In the next Physiological Note we shall ad-
dress the physiological significance of Ppao values.
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