Pressure-Volume Curve Does Not Predict Steady-State
Lung Volume in Canine Lavage Lung Injury
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To better understand strategies for recruiting and maintaining
lung volume in acute lung injury, we examined relationships be-
tween steady-state lung volume and cumulative cyclic recruitment/
derecruitment volume history and the quasi-static pressure-volume
curve, in an animal saline lavage lung injury model. Small-volume
tidal pressure-volume loops performed after inflation from func-
tional residual capacity demonstrated incremental, cyclic recruit-
ment only if the peak pressure achieved exceeded the pressure at
which the compliance increased (Pflex) on the pressure-volume
curve, whereas loops performed after deflation from total lung
capacity remained close to the envelope deflation curve. Recruit-
ment continued to occur up to and beyond a peak inspiratory airway
pressure of 40 cm H,0, as demonstrated by both the tidal loops
and by computed tomography-derived lung volume data. Tidal-
specific compliance was relatively constant across positive end-
expiratory pressure levels after inflation from functional residual
capacity, but peaked at moderate positive end-expiratory pressure
after deflation from total lung capacity, further demonstrating the
effects of volume history and providing experimental validation of
the recruitment models of Hickling (AJRCCM 2001;163:69-78). These
results support the interpretation of Pflex as pressure threshold for
recruitment, but otherwise do not suggest a role for the pressure-
volume curve in predicting steady-state lung volume.
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Recruitment and maintenance of ventilated lung volume are
essential for improving oxygenation in acute lung injury and
the acute respiratory distress syndrome (ARDS) (1). The most
commonly employed strategy to achieve this end is the use of
positive end-expiratory pressure (PEEP), with or without the
addition of sighs or periodic high inflation pressure recruitment
maneuvers. Significant controversy persists over the optimal
method for determining the amount of PEEP to apply. Some
have suggested that PEEP be set on the basis of parameters
derived from an inspiratory pressure-volume (P-V) curve and
the presence of a slope change (Pflex) therein (2, 3), whereas
the scheme used in the National Institutes of Health ARDS
Network low VT ventilation trial was a simple PEEP-FI,, (frac-
tional inspired oxygen concentration) ladder (4). Others have
advocated finding optimal PEEP by reducing PEEP in steps
from a high level until the arterial partial pressure of oxygen
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(Pay,) falls below a prescribed level, and then rerecruiting the
lung and adjusting PEEP to a level just above that at which the
fall occurred (5), or finding the PEEP that yields the maximal
tidal compliance after a recruiting maneuver (6).

Originally, the rationale behind the use of the inspiratory
P-V curve to guide ventilator settings was that the shape of the
curve, in particular the increasing slope or compliance above
Pflex, reflected the recruitment of poorly ventilated lung regions
and that the flattening of the curve at higher pressures reflected
overdistension (2, 3). More recent data suggest that recruitment
actually occurs progressively and continuously along the curve
above Pflex (5, 7-10). However, animal studies and models of
acute lung injury have demonstrated that volume history is an
important determinant of end-expiratory volume and, further,
that steady-state lung volume during tidal ventilation may not
reflect that seen in a static or quasi-static P-V curve (5, 6).
Therefore, we sought to examine the relationship between
steady-state lung volume and cumulative cyclic recruitment or
derecruitment to the quasi-static P-V curve, using the saline
lavage model of acute lung injury in anesthetized dogs. We
looked at changes in end-expiratory volume over short time
periods, as functions of volume history and end-expiratory pres-
sure, by monitoring the cumulative changes in lung volume of
small tidal loops. We also compared lung volume during steady-
state mechanical ventilation, measured by computed tomogra-
phy (CT) imaging, with the volume predicted by the PV curve.
Some of the results of these studies have been previously re-
ported in abstract form (11, 12).

METHODS

Procedures were approved by the Institutional Animal Care and Use
Committee (see the online supplement for additional details). Six dogs
were anesthetized, intubated, and volume ventilated at an Fio, of 1.0
and a rate of 15 breaths/minute. Vs (10-12 ml/kg) were adjusted to
an end-tidal Pco, (PETco,) of 30-35 mm Hg and maintained thereafter.
Airway pressure (Paw), esophageal pressure (Pes), arterial blood pres-
sure (Pa), PETco,, and oxygen saturation (Sao,) were continuously mea-
sured and recorded.

Lung Injury

Acute lung injury was induced by repeated lavage with warmed saline
(60 ml/kg), repeated every 10 minutes while shifting each dog from the
prone to the supine position, until the Pao, fell below 90 mm Hg for
30 minutes.

P-V Curves

A computer-controlled system (see the online supplement) generated
quasi-static P-V curves at constant flow (3 L/minute) over a prepro-
grammed range of pressures. Paw, Pes, and flow signals were digitized
and stored, allowing measurement of cumulative lung volume change
from FRC over several cycles. The same P-V curve series were obtained
before and after lavage injury. Vital capacity P-V curves were measured
from 0 to 40 to 0 cm H,O Paw for three cycles. Curves were fit to the
model of Venegas and coworkers (13), using the point of maximal
compliance increase to define Pflex. Two series of tidal P-V loops with
different volume histories were performed. Series 1 recorded three
10-cm H,O amplitude tidal P-V loops over different pressure ranges
after inflation from FRC, whereas Series 2 recorded the same series of
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loops after deflation from total lung capacity (TLC, defined as 40 cm
H,O Paw). For both, loops were performed over incrementally increas-
ing pressures from 0 to 40 cm H,O (i.e., 0-10, 5-15, 10-20...30-40 cm
H,O). Five to 10 minutes of tidal ventilation was resumed between
measurements, until PETco, returned to normal.

CT Imaging

Five dogs were prepared as described above and underwent supine
whole-lung CT imaging before and after lavage for measurement of
steady-state air volumes over a range of PEEP values. Contiguous
10-mm images were obtained with a GE 9800 scanner (General Electric,
Fairfield, CT) during steady-state mechanical ventilation gated to end
expiration, one image per breath, with incremental table movement
between images. Ventilation was not held or interrupted for imaging.
Imaging was repeated at 0 (FRC), 5, 10, 15, and 20 cm H,O PEEP,
with a 10-minute equilibration period after each PEEP change. Vital
capacity quasi-static P-V curves were obtained as described above
before imaging.

Images were analyzed using NIH Image (http://rsb.info.nih.gov/nih-
image) on a Macintosh computer. Images were calibrated against the
measured density of air and tissue from each image set to quantify
density as “percent air.” The lung tissue in each slice was manually
outlined and the air and tissue volumes were calculated from the product
of lung area, slice thickness, and density. The individual slice volumes
were summed to give total, tissue, and air volume, which was plotted
against PEEP to generate “CT P-V curves” representing the end-
expiratory volumes of the lung during steady-state ventilation. The air
CT P-V curve was plotted alongside the quasi-static curve, assuming
that the CT measured lung volume at FRC corresponded to the initial
lung volume for the quasi-static P-V curve.

Statistical Analysis
Values are reported as means = SEM. A paired Student’s t-test was
used to assess differences in AV and specific compliance (sC) (StatView

4.5; SAS Institute, Cary, NC). Statistical significance was accepted at
p < 0.05.

RESULTS

Lung lavage resulted in a significant decrease in oxygenation,
with arterial Po, falling from 496 + 24 mm Hg in control animals
to 8 * 5 mm Hg 30 minutes after lavage. The control vital
capacity P-V curves exhibited the classic sigmoid shape with
minimal hysteresis. Whereas the first inspiratory curve fre-
quently showed lower volumes and initial compliance, particu-
larly at lower pressures, than subsequent loops, the descending
curve and the second and third loops were generally superimpos-
able (Figure 1, top). After lavage, the curves exhibited increased
hysteresis and a change in compliance in the midinflation limb,
allowing identification of a clear Pflex (Figure 1, bottom). Pflex
was evident whether the Paw (19.9 = 2.7 cm H,O) or transpulmo-
nary pressure (Ptp) (17.8 = 2.6 cm H,O) pressure was used.
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Frequently, the first inflation loop was different from the subse-
quent two, suggesting some recruitment attained in the first loop
was maintained for subsequent loops. Vital capacity, defined as
the volume of the P-V curve from 0 to 40 cm H,O Paw, fell
17 £ 4% after lavage (mean control VC was 1.39 = 0.16 L).

In the control series, tidal loops from FRC were narrow and
remained close to the envelope P-V curve except over the upper
third of the pressure range, where they became more parallel
to the pressure axis. On deflation from TLC the tidal loops were
close to the deflation limb P-V curve over the entire pressure
range (Figure 2). Tidal loops after lavage changed considerably
from control. Loops from FRC tended to remain close to the
ascending P-V curve at low pressures with a small amount of
tidal recruitment. However, when the peak tidal loop pressure
exceeded Pflex, the tidal recruitment per loop greatly increased
(Figure 3). Loops performed after deflation from TLC had
greater hysteresis area than controls and were generally parallel
to the deflation P-V curve, although at the lowest pressure ranges
the slope of the loops dropped off (Figure 3).

Tidal recruitment (AV) during tidal P-V loops was defined
as half the increase in end-expiratory volume over the second
and third tidal loops (Figure 4). This definition avoids including
volume changes from deflation hysteresis. Loop compliance was
determined from the difference between the starting (end-expir-
atory) and peak (end-inspiratory) lung volumes during the sec-
ond tidal loop, divided by the 10-cm H,O pressure difference.
Loop compliance was normalized to control vital capacity for
each animal to give specific compliance (sC) to facilitate combin-
ing results from different-sized animals for statistical analysis.

Quantification of tidal recruitment (Figure 5) shows that,
after inflation from FRC, the volume recruited in the lavaged
lungs becomes significantly greater than in the control lungs
(p < 0.05) when the peak loop airway pressure exceeds Pflex
(Figure 5). In fact, at the lowest pressure range control recruit-
ment was significantly greater than lavage recruitment, reflecting
the higher opening pressures needed to recruit the lavaged lung.
Deflation limb recruitment was less than inflation limb recruit-
ment, and was significantly different between control and lavage
at the lowest pressure range (control greater) and the highest
pressure range (lavage greater) (Figure 5).

Specific compliance of control tidal loops was maximal at low
pressure ranges and decreased as pressure increased for both
inflation and deflation series (Figure 6). In contrast, sC in the
lavage lung after inflation from FRC was low and changed only
slightly over the entire range. After deflation from TLC, how-
ever, sC changed twofold over the range of pressures, reaching
a maximum at a PEEP of 10 cm H,O (Figure 6). Note these
data are plotted against minimum loop pressure (PEEP) for
comparison with the literature (see below); midcycle Paw and
peak Paw are 5 and 10 cm H,O greater, respectively.
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Figure 2. Composite tidal P-V loops from a representative control con-
dition after inflation from FRC (A) or deflation from TLC (B). Individual
loops for each separate tidal P-V run with their volume histories are
superimposed on the same axes.
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Figure 3. Composite tidal P-V loops for six animals postlavage lung injury after inflation from FRC or deflation from TLC. Individual loops for each
separate tidal P-V run with their volume histories are superimposed on the same axes.

Quasi-static and CT P-V curves for five dogs were normalized
to each lung’s quasi-static curve TLC, averaged, and plotted on
the same axes with the assumption that the lung volumes were
equal at FRC (Figure 7). Pflex, obtainable for four of the five
quasi-static P-V curves, was equal to 15.3 = 2.4 cm H,O. Peak
inspiratory airway pressures during CT imaging averaged 19 =
1.8,20 = 23,24 = 15,33 £ 32, and 44 = 29 at 0, 5, 10, 15,
and 20 cm H,O PEEP, respectively, at an average VT of 260 =
14.1 ml. The steady-state end-expiratory lung volume, as defined
by the CT data, was not related in any obvious way to the quasi-
static P-V curve. Lung volume was underestimated at all PEEP
levels by the inflation P-V curve. The deflation P-V curve over-
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Figure 4. Example of three tidal P-V loops over the airway pressure
range of 15 to 25 cm H,O after inflation from FRC. AV = tidal recruitment
per breath measured over second and third tidal loops; PEEP = positive
end-expiratory pressure; Ppeak = peak airway pressure.

estimated lung volume at low PEEP and underestimated it at
high PEEP. It is important to note that at the 10- to 12-ml/kg
V1s used for these CT studies, peak inspiratory pressures were
greater than the 10-cm H,O increments used in the tidal loop
studies, exceeding 40 cm H,O at the highest PEEP level. The
mean end-inspiratory pressures and volumes during CT imaging
at each PEEP, estimated by adding the peak inspiratory pressure
to the PEEP and the set VT to the CT lung air volume, are
presented as open circles in the same figure (Figure 7). These
tidal P-V trajectories appear to bear little relationship to the
quasi-static P-V curve.

To present the air/tissue-partitioned CT P-V curves, the data
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for each animal were normalized to the total (air plus tissue)
volume at 20 cm H,O PEEP in the control condition, and then
averaged (Figure 8). Because this total lung volume is greater
than the TLC air volume used to normalize the data in Figure 7,
the resulting normalized air volumes in Figure 8 are lower but
allow direct comparison of how the air and tissue volume compo-
nents change with injury and incremental PEEP. Tissue volume
at FRC increased from 12.4 = 1.0% under control conditions
to 22.5 = 1.5% after lavage, and the tissue volume changed less
than 1% over the range of PEEPs, indicating minimal change
in intrapulmonary blood volume and/or clearance of edema fluid
from the lung with increasing PEEP. Total lung volume was
unchanged after lavage, suggesting that the loss of air volume
with injury was due to flooding rather than collapse or atelectasis
because the reduction in air volume was offset by an equal
increase in tissue volume.

DISCUSSION

The optimal management of mechanical ventilation during acute
lung injury depends on the recruitment and maintenance of
ventilated lung volume, balancing end-inspiratory recruitment
with overdistension while also balancing end-expiratory derecruit-
ment with the reduced VTs and hemodynamic consequences of
PEEP. The changed shape of the inspiratory P-V curve in lung
injury, with an increased and linear compliance between a lower
and upper Pflex, was interpreted to represent a range of pressures
over which the lung could be ventilated without derecruitment
or overdistension (2, 3). Many subsequent animal (5) and human
(8-10) studies have suggested that recruitment occurs progres-
sively and continuously above Pflex and, further, that steady-
state lung volume during tidal ventilation may not reflect that
seen in the P-V curve. Hickling used a simple mathematical
model of the ARDS lung to elegantly show how this could be
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so (7), and then went on to predict that tidal compliance and
end-expiratory volume will depend on both the volume history
and VT applied (6). Our data provide experimental confirmation
of these model predictions of Hickling, emphasizing the impor-
tance of short-term volume history in the recruitment behavior
of the lung and the interpretation of Pflex as a threshold for
end-inspiratory tidal recruitment. These data further indicate
that the steady-state end-expiratory lung volume is not predicted
by the quasi-static P-V curve.

Experimental Considerations

We chose the saline lavage model of acute lung injury for these
studies, a commonly employed model of surfactant depletion and
alveolar edema known for its consistency and stability (14, 15).
Whole lung P-V curves performed before and after our 1- to
2-hour tidal curve protocol were minimally changed, demonstra-
ting the stability of the preparation despite the large VT ventila-
tion and repeated vital capacity inflations. This stability is evident
in the overlapping inflation and deflation P-V trajectories seen
as superimposed volume histories for the repeated individual
P-V loop measurements in Figure 3. Compared with other lung
injury models such as oleic acid, the lavage model may be consid-
ered to be highly recruitable, achieving close to full preinjury
lung volume at TLC (12, 16). Although surfactant inactivation
is an important component of lung mechanical dysfunction in
clinical acute lung injury (17), the relevance of these results to the
human condition may vary depending on the degree of mechanical
similarity of an individual’s lung injury to this model.

Obtaining safe, consistent and repeatable P-V curves in in-
jured lungs is difficult (18), and many attempts have been made
to automate this process to improve speed, safety, and reliability
(19-22). Although resistive losses may cause small differences
between results obtained by static methods, in which the lung
is permitted to reach an equilibrium pressure at each volume
step, and quasi-static methods, in which pressure and volume are
measured continuously during a steady inflation and deflation of
the lung, these differences are minimal at low flow rates and are
more than offset by the technical difficulties in determining sta-
ble plateau pressures in the injured lung. At a steady flow of
3 L/minute, neither expiratory flow limitation nor auto-PEEP
should have been significant (23-25). Our computer-controlled
system (see the online supplement) has the advantage of con-
tinuously tracking cumulative changes in volume over several
programmed inflation/deflation cycles, allowing measurement of
incremental recruitment. The system was tested for leaks by
confirming conservation of volume with repeated cycling of a
rubber bag (see Figure E1l in the online supplement) and by
clamping the endotracheal tube at end inspiration and checking
for maintenance of airway pressure for 20 seconds. We did not
correct for differences between O, consumption and CO, pro-
duction, which we estimate to be less than 2.3 ml for a tidal loop
and 20 ml for a vital capacity curve (see the online supplement for
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details). We did, however, correct for gas compression, because
measurements are made over a wide range of airway pressures.
Finally, we chose to use the average recruitment over the second
and third tidal loops as our measure of recruitment, avoiding
attributing the difference in inflation and deflation limb hystere-
sis volume to VTt recruitment. We limited the tidal P-V data
acquisition to three cycles as a trade-off between reasonable
time for each protocol, potential hypoxemia and hypercarbia
with reduced ventilation in the injured lung, and additional infor-
mation available from added cycles. In pilot studies we found
that although inspiratory tidal recruitment frequently continued
beyond 3 cycles, it generally reached a plateau after 6-10 cycles.

Vital Capacity P-V Curves

Vital capacity P-V curves showed the expected change in shape
after lung injury, with moderate reduction in vital capacity, in-
creased hysteresis, and a change in slope in the midinflation limb
identified as Pflex (Figure 1). Of note, after disconnecting the
circuit and deflation to FRC there was commonly a difference
between the first and subsequent inflation curves under control
conditions, demonstrating that even in the normal lung there
can be some lung derecruitment, units with elevated opening
pressures that recruit and remain open with a subsequent defla-
tion to zero pressure. This dependence on volume history, even
in uninjured lungs, underscores the importance of standardized
conditions in interpreting P-V data in the clinical setting. We
inflated the lungs to a maximum Paw of 40 cm H,O, correspond-
ing to a Ptp of 33-36 cm H,0, and although there was frequently
a slight decrease in slope at the top of the inflation curve
(Figure 3) no upper Pflex or plateau was identified. Although a
plateau may have been identified with inflation to higher pres-
sures, we choose a maximum Paw of 40 cm H,O as a compromise
to preserve the stability of the preparation.

Tidal P-V Loops

Control tidal P-V loops from FRC remained parallel to the
inflation P-V curve until a relatively high peak lung volume
was attained (Figure 2). Because there appeared to be minimal
recruitment with each cycle, the change in slope (which was
similar for inflation and deflation of the loops) may reflect re-
duced surface tension from the increased presence of surface
active molecules at the air-liquid interface of alveoli and small
airways after an increase in surface area (26), the normal hystere-
sis behavior of the lung. After lavage injury, however, there was
clearly volume recruitment with each cycle in which the peak
pressure exceeds Pflex (Figure 3). The first cycle of the inflation
limb data (Figure 3) closely resembles the predictions of Hickling
(6 [Figures 2 and 3]), in which the compliance change is entirely
attributable to recruitment phenomena. Subsequent tidal in-
creases in volume reflect additional recruitment not included in
Hickling’s model. As predicted by the model (6) and as demon-
strated by our data and several studies (9, 10,27-29), recruitment
occurred all the way up to TLC. Pflex may thus be interpreted
as a pressure threshold for recruitment: when peak inspiratory
pressure exceeds Pflex, incremental volume recruitment occurs
(Figure 5).

Deflation limb tidal loops lie close to the P-V envelope, with
little tidal recruitment (Figures 3 and 5). A statistically significant
difference in deflation limb recruited volume between control
and injured lungs occurred at the lowest tidal range, with the
injured lung exhibiting less recruitment, and the highest two
ranges, with the injured lung recruiting more volume. This differ-
ence likely reflects the rapid derecruitment of the lavaged lung
and inability to rerecruit with peak inspiratory pressure less than
Pflex. Similar to the predictions of Hickling (6), the slope of the
tidal loop became less than the deflation P-V limb only at low
PEEP values, again reflecting end-expiratory alveolar collapse
with resultant lower ventilated volume and lower compliance.
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In control lungs, specific compliance (sC) of tidal loops fell
with increasing PEEP (Figure 6), indicating the lungs became
stiffer as they were more inflated. In addition, sC was higher
after deflation from TLC than on the inflation limb (Figure 7).
As discussed above, the higher deflation sC values may reflect
recruitment and larger lung volumes or, more likely in these
normal lungs, the effect of surfactant physiology (26). Note that
these data were normalized to control condition vital capacity
to facilitate combining data from different animals. Thus, this
specific compliance parameter is not a measure of intrinsic lung
mechanical properties because it is not normalized to the actual
ventilated volume at the time of each measurement. sC behavior
of the injured lung was considerably different. sC was relatively
uniform along the inflation limb, whereas it varied more than
twofold on the deflation limb, peaking at moderate PEEP well
below Pflex (Figure 7). Again, these data provide strong experi-
mental support of the models of Hickling (6), implemented at
low VT, and suggest that the whole lung compliance in acute
lung injury is significantly influenced by tidal recruitment and
derecruitment.

CT Image Data

The lung volumes measured by CT imaging reflect a steady-state
equilibrium between end-inspiratory recruitment and end-expir-
atory derecruitment obtained after incremental PEEP increases,
in contrast to the transient or nonequilibrium volumes obtained
during a P-V curve. These steady-state lung volumes exceeded
those on the inspiratory P-V curve for all pressures, and also
exceeded the volumes on the deflation limb at higher PEEP
levels. At the relatively large tidal volumes used (chosen to reduce
hypercapnia during imaging because of the slow maximum im-
aging rate of the CT scanner), the peak inflation pressures were
greater than Pflex for all PEEPs. Thus, the elevation of end-
expiratory volume above the inspiratory P-V curve would be ex-
pected because of the effect of recruitment, as modeled by Hickling
(6), with an additional contribution from the cumulative tidal
recruitment demonstrated by the tidal P-V loops. At the highest
PEEP levels the peak inflation pressures slightly exceeded the
40-cm H,O limit of the P-V curve, so the additional recruitment
thus obtained caused the end-expiratory volumes to break out
of the P-V envelope, an effect also predicted by Hickling’s model
(6). It is important to underscore that these CT data do not look
at the time course of changes after a recruitment maneuver, but
rather the net effect of recruitment and derecruitment after an
increment in PEEP in a relatively short (10- to 20-minute) time
frame. Similar results, in which the CT-determined lung volume
was monitored after a recruitment maneuver in lavage injured
dogs, were reported by Lim and coworkers, with total lung air
volumes continuing to increase for 30 minutes after a PEEP
increase compared with only small additional increases over time
after a recruitment maneuver (30).

Air/Tissue Partitioned CT P-V Curves

Partitioning of the CT P-V curves into air, “tissue” (which in-
cludes all components of approximately water density such as
blood, edema, and cells), and total (air plus tissue) volumes adds
an additional perspective on the nature of steady-state lung
recruitment in the lavage model. First, total lung volumes before
and after lavage are approximately equal, suggesting that the
loss of air volume with injury is primarily due to flooding because
of the offsetting changes in air and tissue volumes, consistent
with observations made in oleic acid-injured lungs using the
parenchymal marker technique (31). Atelectasis or airspace col-
lapse would show up as a loss of total lung volume compared with
control in this analysis, although one cannot rule out regional
atelectasis with equally offsetting air trapping at FRC as an
alternative explanation. Second, the tissue volume remained
constant as PEEP increased, suggesting that the total amount
of edema (including residual lavage fluid) was constant over
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time and, further, that intrapulmonary blood volume did not
change with increasing PEEP. Thus, as the lung is recruited this
fluid volume must be redistributed and relocated within the lung.
Further studies of the changes in regional lung volume and density
with inflation and recruitment, combined with whole lung analysis
such as this, are needed to better understand the local phenomena
of lung recruitment in different injury models and patients.

Conclusions

Small-volume tidal P-V loops performed after inflation from
FRC in the lavage-injured lung demonstrated incremental, cyclic
recruitment if the peak pressure achieved exceeded Pflex on the
vital capacity quasi-static P-V curve, whereas loops performed
after deflation from TLC remained close to the envelope deflation
P-V curve. Recruitment continued to occur up to and beyond a
peak inspiratory airway pressure of 40 cm H,O, as demonstrated
by both the tidal loops and the steady-state large V1 CT-derived
lung volume data. Tidal-specific compliance was relatively con-
stant across PEEP levels after inflation from FRC, but peaked at
moderate PEEP after deflation from TLC, further demonstrating
the effects of volume history and providing experimental valida-
tion of the recruitment models of Hickling (6, 7). These results
support the interpretation of Pflex as pressure threshold for
recruitment, but otherwise do not suggest a role for the pressure—
volume curve in predicting steady-state lung volume.
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