
Intensive Care Med (2005) 31:302–310
DOI 10.1007/s00134-004-2512-1 E X P E R I M E N T A L

Dietrich Henzler
Andreas Mahnken
Rolf Dembinski
Britta Waskowiak
Rolf Rossaint
Ralf Kuhlen

Repeated generation of the pulmonary
pressure-volume curve may lead
to derecruitment in experimental lung injury

Received: 16 December 2003
Accepted: 2 November 2004
Published online: 9 December 2004
� Springer-Verlag 2004

This study was supported in part by an
unrestricted research grant from Hamilton
Medical, Rh�z�ns, Switzerland

D. Henzler ()) · R. Dembinski ·
B. Waskowiak · R. Rossaint · R. Kuhlen
Department of Anesthesiology,
Aachen University Hospital,
Pauwelsstrasse 30, 52074 Aachen,
Germany
e-mail: mail@d-henzler.de
Tel.: +49-241-8088179
Fax: +49-241-8082406

A. Mahnken
Department of Radiology,
Aachen University Hospital,
Pauwelsstrasse 30, 52074 Aachen,
Germany

Abstract Objective: Measurements
from the pulmonary pressure-volume
(PV) curve have been proposed to
adjust ventilator settings. We inves-
tigated the effects of repeated con-
struction of an inflation PV curve
implemented in a standard ventilator
on recruitment or derecruitment in
acutely injured lungs. Design and
setting: Prospective experimental
animal study in eight anesthetized
and mechanically ventilated pigs.
Interventions: Acute lung injury was
induced by lung lavage and animals
were ventilated in volume controlled
mode with PEEP 10 cmH2O. The PV
curve was constructed five times re-
peatedly by constant pressure rise,
after which ventilation with the preset
PEEP was resumed immediately.
Studies of hemodynamics, lung me-
chanics, blood gases and computed
tomography were carried out before
and after maneuvers. Measurements
and results: Derecruitment was as-
sessed as an increase in nonaerated
lung volume (VNON), and VPEEP was
the end-expiratory volume difference
between PEEP and ZEEP. There was

a significant decrease in PaO2 from
90.4€33.3 to 70.9€36.3 mmHg and a
rise in venous admixture from
47.8€12.7 to 59.1€16.6%. VPEEP was
reduced from 244 to 202 ml. A cor-
responding decrease in normally
aerated lung volume was observed,
while regression analysis revealed
increase in VNON depending on the
amount of preexisting atelectasis.
Conclusions: Repeated generation of
the PV curve with a readily available
tool resulted in worsened oxygen-
ation. Derecruitment of the lungs
occurred with loss of PEEP at the
start of the maneuver, which could
not be recovered by a maximum in-
flation pressure of 40 cmH2O. Re-
peated use of the investigated tool
should be cautioned, and users should
consider measures to preserve aerated
lung volumes.
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Introduction

Construction of the pulmonary pressure-volume (PV)
curve has been proposed to adjust ventilator settings to a
potentially less injurious ventilation strategy [1, 2]. De-
spite controversy over selection of the right level of
positive end-expiratory pressure (PEEP) many clinicians
agree on the importance of preventing end-expiratory

closure of alveoli prone to atelectasis formation to prevent
alveolar cycling [2, 3]. In experimental models of lung
injury the setting of PEEP above the lower inflection
point (LIP) lowered systemic inflammatory response [4].

Dynamic inflation and static occlusion methods have
been investigated for PV curve construction. While there
is no standard procedure to construct the PV curve, the
maneuver can be performed either manually (supersy-
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ringe technique [5] or increasing continuous positive
airway pressure levels [6]) or by customized, computer-
driven ventilators [7, 8]. In this investigation we tested a
“P-V tool,” a built-in module to construct a PV curve in a
commercially available ventilator (Galileo Gold, Hamil-
ton Medical, Rh�z�ns, Switzerland). PV curve measure-
ment is conventionally carried out starting at zero end-
expiratory pressure (ZEEP), which has the potential for
derecruitment [9, 10]. On the other hand, inflating the
lung to higher transpulmonary pressures than during tidal
ventilation serves as a recruitment maneuver [11]. A po-
tential for recruitment above the LIP has been demon-
strated [11, 12] if PEEP is maintained. This study inves-
tigated whether repeated generation of inflation PV
curves leads to recruitment in acutely injured lungs. We
furthermore investigated the effects of repeated applica-
tion of the new P-V tool with a fixed algorithm on he-
modynamics and oxygenation.

Methods

Subjects

The study protocol was approved by governmental Committee for
Animal Use and Care and conducted according to the National
Institutes of Health [13] convention. Eight female pigs (race DL,
31.3€1.9 kg) were endotracheally intubated after induction of an-
esthesia with ketamine and pentobarbital, followed by a continuous
infusion of pentobarbital, fentanyl, and pancuronium for mainte-
nance. Ventilation was set to volume controlled mode with 8 ml/kg
tidal volume (VT), inspiratory/expiratory ratio of 1:1, PEEP of
10 cmH2O, and FIO2 1.0 (Galileo Gold). Animals were kept in
supine position throughout the experiment. The respiratory rate was
set to target a PaCO2 of 35–40 mmHg before induction of lung
injury. In previous investigations with the same model this had
resulted in PaCO2 values below 60 mmHg after induction of lung
injury with only slight adoptions in ventilator settings [14, 15]. The
femoral artery was cannulated for invasive pressure monitoring and
the femoral vein to advance a pulmonary artery catheter (SP5107,
7.5F, Becton Dickinson, Heidelberg, Germany), which was placed
under transduced pressure guidance. All animals received an initial
fluid bolus of 500 ml hydroxyethyl starch 200/0.5 10% followed by
a continuous infusion of Ringer’s solution at 5 ml/kg per hour.

Measurements

Cardiac output was determined by thermal dilution technique as the
mean of three measurements (S5 compact monitor, Datex Ohmeda,
Duisburg, Germany). Gas flow and pressure were measured be-
tween the tracheal tube and the Y-piece of the ventilator circuit by a
membrane differential pressure transducer connected to the venti-
lator (Hamilton Medical, range �999 to +999 l/min, accuracy €5%).
VT was derived from the integrated flow signal. The static com-
pliance of the respiratory system (CRS) was measured as described
previously [16].

The relatively fixed algorithm provides an inflation pressure
ramp (to be set at 2 or 3 cmH2O/s) up to a maximum pressure of
20–40 cmH2O, at which the maneuver is terminated and ventilation
continued as set before. Pressure is reduced to previously set PEEP,
with a total expiration time of three time constants, estimated by
airway resistance and respiratory system compliance calculated

from a preinflation control hub. The low flow inflation technique
has been compared to static occlusion methods in terms of com-
parability between respiratory mechanics values obtained [7, 17].
When a low inflation flow less than 10 l/min was used, no differ-
ence was found between methods [18]. Low flow inflation gener-
ally has the advantage of not needing to disconnect the patient from
the ventilator as with supersyringe method, or time-consuming
multiple occlusion techniques must be used [19]. No differences
have been observed whether the inflation flow is controlled by
inspiratory constant flow or by pressure increase [6, 20].

Since the maneuver is started at ZEEP, the ventilator displays
the PEEP-related volume obtained by switching from the preset
PEEP level (VPEEP). The VPEEP theoretically corresponds to the
difference between end expiratory lung volume during mechanical
ventilation and the functional residual capacity (obtained through a
prolonged expiration at ZEEP; referred to elsewhere as DEELV
[21]). A mean of 4.5 s after normal expiration was allowed for
complete exhalation to relaxation volume until cessation of expi-
ratory flow, before the PV curve maneuver was started. VMAX is the
end-inflation volume. The inspiratory PV curve is displayed on the
ventilator, and two cursors can be moved on the graph to construct
a tangent. We defined LIP as the greatest increase in upward slope,
and the upper inflection point (UIP) as the greatest decrease in
slope towards the upper asymptote. Graphically, the respective
pressures are obtained by the intersection of a tangent through the
linear middle part of the curve and the lower and upper asymptote,
respectively. CMAX was defined as the maximum slope of the PV
curve, and CTOT as the slope from ZEEP to maximum pressure.

Arterial, mixed venous and gaseous samples were collected
simultaneously and analyzed immediately (ABL 510, Radiometer,
Copenhagen, Denmark). Oxygen-saturated hemoglobin was mea-
sured with a species adjusted co-oximeter (OSM3, Radiometer).
Venous admixture (QVA/Qt) was calculated according to Bergg-
ren’s formula. Expiratory gases were collected in a 10 l heated box
and mixed expired PCO2 was measured for calculation of physio-
logical dead space (VD/Vt) according to the modified Bohr equa-
tion.

Whole-lung computed tomography (CT) measurements (con-
tiguous axial spiral CT, 4-mm slices reconstructed, window �1024
to +3074 HU; Sensation 16, Siemens, Erlangen, Germany) were
taken at expiratory and inspiratory hold by pressing the respective
ventilator button. Parenchyma aeration was analyzed as reported
before [22, 23]. Briefly, lung outline was delineated manually along
the inner pleura for every slice from apical to basal. The cross-
sectional area of each slice was computed and slice volumes cal-
culated by multiplying with slice thickness. The frequency distri-
bution in HU was calculated in 100-HU segments for each slice and
the respective gas plus tissue volumes obtained by multiplying the
fraction of each with the slice volume. Lung volumes were clas-
sified hyperinflated from �1000 to �-900 HU, aerated for �900 to
�500 HU, poorly aerated for �500 to �100 HU, and nonaerated for
�100 to +100 HU [24, 25, 26, 27, 28, 29, 30]. The respective
volumes were calculated for each slice and summed (VTOT, VHYP,
VAER, VPOOR, VNON, respectively) for each scan.

Experimental protocol

Acute lung injury (ALI) was induced by repeated lung lavage [31].
ALI was considered stable after a constant PaO2/FiO2 ratio below
100 mmHg for at least 60 min. The first set of measurements were
taken for hemodynamics and oxygenation parameters, followed by
CT and lung mechanics.

Pressure increase in the P-V tool was set to 2 cmH2O/s and
maximum pressure to 40 cmH2O, which gives a total time of 20 s
for the maneuver. The maneuver was performed five times in se-
ries, and the values were recorded each time as explained. A period
of 60 s was allowed between maneuvers, which is longer than the
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ventilator lock-out time (five ventilation cycles). Between maneu-
vers tidal ventilation was resumed as set before with a PEEP of
10 cmH2O (Fig. 1). Five minutes after completion of the last PV
curve a second set of measurements including CT were taken.

Statistics

Values are given as mean €SD. Before/after maneuver data were
analyzed by Wilcoxon’s rank sum test. For parameters exhibiting
significant changes the fractional change was calculated as
D=(after/before)�1. Changes in PV curve parameters were analyzed
by Friedman’s procedure for repeated measurements. Regression
analysis was used to further characterize changes in lung volumes.
Statistical significance was accepted at p<0.05 (SPSS WIN 11.01,
SPSS, Chicago, Ill, USA).

Results

A mean of 10.2€2.3 l (maximum 16) of saline lavage was
used to induce ALI, and experiments were started on
average within 5.5€1.0 h after induction of anesthesia.
Ventilator settings were identical before and after the
maneuvers with no changes in RR, VTEX, or TiTOT, but
peak inspiratory pressure increased (Table 1). No signif-
icant hemodynamic changes were observed after repeated
P-V tool application. There was no change in physio-
logical dead space, but a rise in PaCO2 (p<0.01). There

was a continuous and significant reduction in VPEEP and
VMAX from each PV curve construction to the next
(p=0.012; Fig. 1), resulting in decreased oxygenation and
increasing venous admixture (Tables 1, 2). In two animals
there was a partial recovery of lost volume in the last of
the repeated PV curves (Fig. 1). Since UIP was present in
only one-half of the curves, it was omitted from analysis.
There were no changes in LIP or CMAX and static com-
pliance of the respiratory system. The fractional changes
showed a deterioration in oxygenation and an increase in
venous admixture and PCO2, indicating worsening of
ventilation/perfusion mismatch (Fig. 2).

Regarding CT measurements, the loss of total lung
volume after repeated PV curve generation did not reach
statistical significance (p=0.089). There was a reduction
in all aerated lung parenchyma (p=0.049), which was
caused by a loss of VAER (p=0.049), but not by changes in
VPOOR (p=0.108; Fig. 3A). Figure 4 presents the CT of
one representative animal. VHYP increased significantly
(p=0.013). Overall analysis of VNON showed no signifi-
cant increase in atelectatic lung (p=0.056). Regression
analysis of VNON revealed a significant relationship be-
tween measurements before and after. Until the point of
equality (27.7% nonaerated lung of VTOT) there was an
increase in VNON after repeated PV-construction, which
included 81% of measurements. Animals with a greater

Fig. 1 Experimental protocol. Repeated PV curve generation until a maximum pressure of 40 cmH2O (original recording from a single
animal). Note decrease in VMAX and VPEEP. Tidal ventilation was 60 s between single maneuvers (abbreviated in graph)
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portion of nonaerated lung were thus more likely to ex-
perience derecruitment (Fig. 5A). With VPOOR 63% of
data were distributed to the right of the point of equality
(22.9% of VTOT, Fig. 5B), indicating volume loss. For
analysis of VAER inspiration and expiration showed dif-
ferent regression slopes (Fig. 5C, D), with the regression
line running parallel to the bisecting line at expiration.

The distribution of ventilation, calculated as the dif-
ference between end-inspiratory and expiratory hold
measurements, is shown in Fig. 4B. There was a trend
towards increased tidal ventilation in hyperinflated and
nonaerated parenchyma, which did not reach statistical
significance (p=0.093). In conclusion, animals with large
atelectasis and low normally aerated lung volume at the
start of the experiment were less prone to further deteri-
oration after a potential derecruitment maneuver. Changes
occurred mainly in normally aerated and nonaerated pa-
renchyma, while there were only subtle changes in poorly
aerated lung volume.

Discussion

Repeated generation of an inspiratory PV curve to a
maximum pressure of 40 cmH2O resulted in the loss of
aerated lung volume and the increase in nonaerated vol-
ume in a model of experimental saline lavage lung injury.
This happened despite of a period of 60 s between ma-
neuvers, which was longer than the minimal lock-out
time. As would be expected in volume controlled venti-
lation, total volumes did not change, but tidal ventilation
changed to a more unfavorable distribution. This was
reflected by a decrease in oxygenation and an increase in
venous admixture. A corresponding loss in PEEP related
volume was noted from the ventilator’s built-in mea-
surement.

Regarding limitations of the study design, the validity
of the model of repeated lung lavage for representing
acute respiratory distress syndrome (ARDS) has been
questioned. It seems quite impossible to include all the
different possible pathophysiological conditions of the
ARDS in a single model. However, in addition to atel-
ectasis formation, the lavage model has been shown to
cause lung inflammation [32], ventilation-perfusion mis-
match equal to other models [33], and an increase in
extravascular lung water and excess tissue [34]. Further-
more, CT has demonstrated the preferential distribution of
atelectasis to the dependent lung regions in approx. one-
third of ARDS patients [27]. A further limitation of the

Table 1 Hemodynamic, ventilation and oxygenation parameters
before and after repeated PV curve generation (HR heart rate, MAP
mean arterial pressure, CVP central venous pressure, PAOP pul-
monary artery occlusion pressure, CO cardiac output, SVR/PVR
systemic pulmonary vascular resistance, RR respiratory rate, VT
tidal volume, PIP/MIP peak/mean inspiratory pressure, Ti/TOT in-
spiratory to total time ratio, VD/VT physiological dead space, CRS
static respiratory compliance, CTOT total compliance from PV loop,
HbaO2 oxygen saturated hemoglobin, CRS static compliance, QVA/
QT venous admixture)

Before After

HR (min�1) 87.5€26.9 91.6€25.2
MAP (mmHg) 83.6€21.3 84.7€16.8
CVP (mmHg) 8.6€5.3 6.5€3.7
PAOP (mmHg) 8.0€3.8 8.0€3.7
CO (l min�1) 3.9€0.6 4.0€0.9
SVR (dyne s cm�5) 1595€618 1646€590
PVR (dyne s cm�5) 601€131 622€205
RR (min�1) 37.2€4.5 37.2€4.5
VT (ml) 241€20 240€20
PIP (cmH2O) 32.6€3.5 34.2€5.3*
MIP (cmH2O) 16.5€1.8 17.6€1.7*
Ti/TOT 0.5€0.01 0.5€0.1
VD/VT (%) 83.9€3.8 85.8€3.9
CRS (ml/cmH2O) 14.8€2.7 13.3€1.5
CTOT (ml/cmH2O) 9.8€4.2 10.1€2.6
PaO2 (mmHg) 87€38 62€26*
HbaO2 (%) 85€17 69€20*
PaCO2 (mmHg) 78€19 88€25*
QVA/QT (%) 47.4€13.6 60.3€17.4*

* p<0.05 vs. before

Table 2 Parameters derived
from the five PV curve maneu-
vers (LIP lower inflection point,
CMAX maximum slope of PV
curve, VMAX volume at
40 cmH2O, VPEEP volume dif-
ference between PEEP and
ZEEP)

1st 2nd 3rd 4th 5th

LIP (cmH2O) 18€7 21€7 21€7 19€9 19€9
CMAX (ml/cmH2O) 21€11 20€11 22€17 20€11 20€12
VMAX (ml) 397€109 355€113 351€97* 341€106* 329€111*
VPEEP (ml) 244€96 220€97* 209€99* 206€95* 202€87*

* p<0.05 vs. 1st maneuver

Fig. 2 Fractional change in gas exchange parameters before and
after repeated PV curve generation. Lines Median; boxes 25–75
quartile; whiskers outliers. PaO2 Partial arterial oxygen pressure;
HbO2 oxygen saturated hemoglobin; QVA/QT venous admixture;
PaCO2 partial arterial carbon dioxide pressure; VD/VT physiological
dead space; MIP mean inspiratory pressure *p<0.05 for before vs.
after 5� PV curve generation
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porcine model could be the special anatomy in the supine
position, with a compression of the lower lobes by the
abdomen and a relevant sternovertebral pressure gradient.
However, this is also a common finding in different ex-
perimental models [25] and in ARDS patients [35] and
might well present pathophysiological relevant condi-
tions.

We speculated that repeated construction of the PV
curve would lead to alveolar recruitment, as seen with
periodically raising transpulmonary pressure to higher
levels than those achieved during tidal ventilation [36,
37]. In view of the findings by Lee et al. [38] we were
surprised that actually derecruitment took place. On the
other hand, one might argue that repeated construction of
the PV curve is not a clinical relevant issue. To our
knowledge the Hamilton Galileo is the first ventilator
equipped with a tool especially designed for measuring
PV curves. While it is possible to perform such a ma-
neuver on other ventilators with a graphic display (e.g.,
Taema Horus, Daeger Evita, Viasys Avea) by manual
ventilator setting [39], users might be tempted to perform
multiple measurements if the method is readily available,
without necessarily being aware of the possible negative
effects.

As regards lung CT morphometry, we examined real
volumes of lung parenchyma with different aeration sta-
tus, thus being able to identify changes in distribution of
volumes rather than distribution in HU. In studying the

effects of PEEP Vieira et al. [28] observed an increase in
overdistended lung concomitant with alveolar recruitment
and an increase in normally aerated lung. In our study
distinct derecruitment caused an increase in hyperinflated
lung by excluding dependent lung from ventilation, and
derecruitment occurred mainly by conversion of normally
aerated to non-aerated parenchyma. Some animals with
severe atelectasis, however, behaved differently and
showed a potential for recruitment, assuming that all re-
cruitable units had been collapsed already at the begin of
the study. Performing CT after each PV curve might have
added additional information; however, performing in-
spiratory/expiratory hold maneuvers between these ac-
quisitions may have affected the results.

Concerning PV curve generation, current concepts of
low flow inflation to generate the pulmonary PV curve
include starting the maneuver at ZEEP. Several studies
have shown the detrimental effect of eliminating PEEP on
atelectasis formation in the acutely injured lung [9], and
obviously the technically limited maximum pressure of
40 cmH2O was not enough to recruit those alveoli col-
lapsed after the removal of PEEP. Pelosi and coworkers
[25] have demonstrated that much higher pressures are
needed to effectively open up atelectatic lung regions.
Also, sustained inflation is often needed, and recruitment
maneuvers of 45 cmH2O for 40 s have been shown to
result in improved oxygenation [11, 40]. Importantly, we
observed significant volume loss even after the first ma-

Fig. 3 CT volumes before and
after repeated generation of the
PV curve. Volumes measured in
whole-lung CT before and after
5� PV curve generation. Left
Absolute volumes during expi-
ratory hold with 10 cmH2O.
Right Tidal volume calculated
as difference between inspira-
tion and expiration. VHYP Hy-
perinflated lung volume; VAER
normally aerated lung volume;
VPOOR poorly aerated lung vol-
ume; VNON nonaerated lung
volume
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neuver, although PEEP was preserved at 10 cmH2O with
baseline ventilation between maneuvers (Table 2). The
safety of PV curve construction has been investigated
previously [38]. PV curves were repeatedly constructed
up to three times in patients with ARDS/ALI. Only a
small drop in saturation was noted, and some patients
even improved after PV curve generation. However, there
are some major differences compared to our study.
Firstly, all patients had been ventilated with ZEEP for
15 min before PV curve generation, and thus any loss of
volume related to PEEP reduction would have not been
detected. Secondly, several minutes of baseline ventila-
tion was allowed between maneuvers. Thirdly, the ma-
neuver characteristic differed, as the maximum pressure
was 45 cmH2O, and a 3 s inspiratory plateau was allowed
for each step, leading to a total maneuver time of 60–90 s.
This may have acted as a recruitment maneuver and could
reflect an advantage over constant inflation technique. We
speculate that changing the maneuver characteristic to an

inflation/deflation curve with an inspiratory plateau pause
leads to less derecruitment and recommend this for further
developments.

Conclusions

We evaluated a readily available PV tool implemented in
a commercial ventilator and found the potential for
derecruitment and worsening of gas exchange. The design
of the investigated tool as a fixed algorithm should cau-
tion uncritical use and the lock-out time should be in-
creased between measurements. Since the loss of lung
volume was found even after the first PV curve con-
struction, measures to preserve aerated lung volume
should be considered. Further research should be under-
taken to investigate whether a different maneuver char-
acteristic would result in less adverse effects.

Fig. 4 CT of one representative animal at three different levels (expiratory hold) before (a) and after (b) repeated construction of the PV
curve. Note distinct increase in patchy attenuations and of the space taken by the diaphragm at base level
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