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Abstract Objective: We tested the
hypothesis that ventilation in the
prone position might improve ho-
mogenization of tidal ventilation by
reducing time-constant inequalities,
and thus improving alveolar ventila-
tion. We have recently reported in
ARDS patients that these inequali-
ties are responsible for the presence
of a “slow compartment,” excluded
from tidal ventilation at supportive
respiratory rate. Design: In 11 ARDS
patients treated by ventilation in the
prone position because of a major
oxygenation impairment (PaO2/
FIO2�100 mm Hg) we studied me-
chanical and blood gas changes pro-
duced by a low PEEP (6€1 cm H2O),
ventilation in the prone position, and
the two combined. Results: Ventila-
tion in the prone position signifi-
cantly reduced the expiratory time
constant from 1.98€0.53 s at baseline

with ZEEP to 1.53€0.34 s, and sig-
nificantly decreased PaCO2 from
55€11 mm Hg at baseline with ZEEP
to 50€7 mm Hg. This improvement
in alveolar ventilation was accom-
panied by a significant improvement
in respiratory system mechanics,
and in arterial oxygenation, the lat-
ter being markedly increased by ap-
plication of a low PEEP (PaO2/
FIO2 increasing from 64€19 mm Hg
in supine position with ZEEP to
137€88 mm Hg in prone with a low
PEEP). Conclusion: In severely hy-
poxemic patients, prone position was
able to improve alveolar ventilation
significantly by reducing the expira-
tory time constant.
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Introduction

In acute respiratory distress syndrome (ARDS) of pul-
monary origin [1], mechanical ventilation with a positive
end-expiratory pressure (PEEP) appears necessary but
may be of a limited efficacy. On one hand, recruitment
obtained by a low PEEP is restricted [2]. Moreover, use of
a high PEEP may worsen working conditions for the right
ventricle, and thus precipitate circulatory failure [3],
which is the major determinant of outcome in ARDS [4].
Ventilation in the prone position (PP) was long proposed
as an alternative way of improving oxygenation in ARDS
[5]. Reversal of hydrostatic pressure gradient by posi-
tional change has been also found to improve ventilation/

perfusion matching [6]. Computed tomographic studies
have demonstrated re-aeration in the posterior condensed
areas of the lung by PP [7]. Recently, a cooperative study
has emphasized that a better outcome can be expected in
ARDS patients in whom prone position improved alveolar
ventilation [8].

We hypothesized that, if prone position causes venti-
lation to be distributed more evenly, it should increase
alveolar ventilation, and, all things being equal, arterial
oxygenation should benefit from this increase. In a pre-
vious clinical study in ARDS, we demonstrated the pres-
ence of a “slow compartment,” excluded from tidal ven-
tilation at supportive respiratory rate, because there was
insufficient expiratory time [9, 10]. This slow compart-
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ment was heralded by the presence of intrinsic PEEP at
ZEEP, when the patient was ventilated at supportive res-
piratory rate [9, 10]. The present study was thus per-
formed to assess the effect of ventilation in the prone
position on this “slow compartment,” and its impact, if
any, on alveolar ventilation, when compared with venti-
lation in the supine position. This work was presented at
the “32nd Congress of the Soci�t� de R�animation de
Langue Fran�aise” [11].

Patients and methods

In our unit, hemodynamically stable ARDS patients remaining
severely hypoxemic after 48 h of respiratory support are system-
atically treated by ventilation in the prone position, as previously
reported [4]. In January 2002 we started a prospective study in
these patients to assess the effect of prone position on respiratory
mechanics and alveolar ventilation.

Inclusion criteria were: (a) presence of ARDS as defined by the
North American–European Consensus Committee criteria for
ARDS; (b) persistence of severe oxygenation impairment defined
as PaO2/FIO2�100 mm Hg after 48 h of respiratory support; (c)
hemodynamic stability with a systolic arterial pressure greater than
90 mm Hg without any hemodynamic support; and (d) presence of
a substantial slow compartment (�70 ml) measured at zero end-
expiratory pressure (ZEEP) during a prolonged exhalation, as
previously described [9].

We thus studied 11 patients between January 2002 and August
2003. This group included six women and five men, with a mean
age of 45€13 years, and an average body weight of 68€14 kg. No
patient had previously presented chronic obstructive pulmonary
disease.

All patients were sedated with midazolam and sufentanyl, and
paralyzed with cisatracurium. They were all ventilated in volume-
controlled mode, with a low-stretch strategy including a limited
plateau pressure (<30 cm H2O). Heart rate, arterial systolic pressure
by an indwelling radial artery catheter, and oxygen saturation by a
pulse oxymeter were continuously monitored. Initial ventilator
settings included a constant inspiratory flow, an average tidal
volume (VT) of 8€1 ml/kg of measured body weight, a respiratory
rate of 15 breaths/min, an inspiratory/expiratory ratio of 1:2, and an
end-inspiratory pause of 0.5 s. The positive end-expiratory pressure
selected was that “neutralizing” intrinsic PEEP, as described below
[2, 9].

The study was accepted by the Ethics Committee of the “So-
ci�t� de R�animation de Langue Fran�aise” (SRLF, Paris, France),
and waived inform consent for measurement included in a routine
strategy was authorized.

The study was performed on the first day of prone positioning,
which was the third day of respiratory support for each patient.

Airway pressure (P), flow, and volumes (V) were measured
with the pressure transducers and pneumotachographs incorporated
into the ventilator used in the study (Puritan-Bennet 7200). They
were previously checked for pressure with a disposable pressure
transducer (Edwards Lifesciences, Irvine, Calif.) and for flow and
volume with a disposable pneumotachograph (McGaw volume
monitor, AHS corporation, Irvine, Calif.) manually calibrated with
a 500-ml syringe. In-built software was used to monitor these
variables, and on-line records of the time course of Paw and V
were recorded by connecting an Epson LX-300 printer to the res-
pirator.

Protocol

Baseline blood gas analysis and mechanical measurements were
obtained in the supine position. Prone positioning was thus im-
plemented, as described by Chatte et al. [12], and measurements
were repeated after 3 h of prone positioning.

Measurements of intrinsic PEEP and slow compartment

After a 5-min sequence of ventilation at the supportive frequency of
15 breaths/min and ZEEP, intrinsic PEEP (PEEPi) was assessed by
occluding the airway during a prolonged expiratory pause of 4 s [9].
Then, after a similar 5-min sequence of ventilation at the supportive
frequency of 15 breaths/min and ZEEP, measurement of the slow
compartment was performed during a prolonged expiration (>6 s)
obtained by reducing the respiratory frequency to 6 breaths/min as
previously described [9]. By definition, because it was measured
as the gas exceeding functional residual capacity and remaining in
the lung after a complete exhalation of tidal volume at supportive
respiratory rate, this slow compartment was totally excluded from
tidal ventilation, because of insufficient expiratory time. After
restoring the supportive respiratory rate, PEEPe was determined in
the supine position as it was the lowest external PEEP whose ap-
plication suppressed any PEEPi. This phenomenon was called
PEEPi “neutralization,” as previously described [2, 9].

Because the Puritan-Bennet 7200 uses pneumatic stabilization
of PEEP by a low flow gas, measurement of exhaled volume during
a prolonged expiration with PEEP is inaccurate; thus, measure-
ments of the slow compartment by this method were only obtained
with ZEEP.

Pressure–volume loops

After a prolonged expiration to ensure complete lung emptying,
pressure–volume (PV) loops of the total respiratory system were
recorded during a single inspiration of a 10 ml/kg volume at a
constant inspiratory flow of 10 l/min, followed by a low-flow ex-
halation, which was obtained by partially occluding the expiratory
port to limit expiratory flow, as previously described [2, 9]. Four
loops were obtained for each patient, in the supine position with
ZEEP, in the supine position with PEEPe, in the prone position with
ZEEP, and in the prone position with PEEPe. On each loop, we
manually drew two straight lines tangentially to the first two por-
tions of the inspiratory limb, and both the starting compliance
(CSTART) and the linear compliance (CLIN) of the respiratory system
were calculated, as the slope of these two straight lines, respec-
tively. The lower inflexion point was defined as the intersection
between the two lines, and characterized by its pressure coordinate
[2]. Changes in end-expiratory lung volume produced by PEEP
application (DEELV) were read on the expiratory limb of the first
supine or prone PV loop at ZEEP, as previously described [2].The
chord compliance of the whole inspiratory curve (CCHORD) was
calculated as the slope of a straight line drawn between the first and
last points of the inspiratory limb of each PV loop.

Compliance, resistance, and time constant

The compliance of the respiratory system at the supportive respi-
ratory rate (Crs) was calculated as tidal volume/(plateau pressure
minus occluded end-expiratory pressure). The inspiratory resistance
of the respiratory system (Rrs) was calculated as (peak airway
pressure minus plateau pressure)/inspiratory flow. Because the re-
sistance of the tubing was unchanged during the whole protocol, no
correction was made for it. We also calculated an uncorrected value
for the compliance of the respiratory system at the supportive
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respiratory rate (Crs,nc) as tidal volume/(plateau pressure minus
end-expiratory pressure). Because it was not corrected for PEEPi,
Crs,nc only reflected the compliance of the “fast compartment.”

Expiratory time constant (TC) was measured from the expira-
tory volume–time curve obtained during a prolonged expiration, as
proposed by Dall’ava-Santucci et al. [13]. As for the “slow com-
partment,” this measurement was only obtained with ZEEP.

Statistical analysis

Statistical calculations were performed using the Statgraphics plus
package (Manugistics, Rockville, Md.). Comparisons of the size of
the slow compartment and TC before and during the prone position
were performed by a Wilcoxon signed-rank test. Comparisons of
other variables were performed by means of two-way ANOVA for
repeated measurements, followed by Bonferroni’s multiple com-
parison procedure. Data are expressed as mean€1 SD. A p value
<0.05 was considered as statistically significant.

Results

All patients studied were treated by ventilation in the
prone position because of a persistent PaO2/FIO2 ra-

tio�100 mm Hg after 48 h of controlled ventilation with a
PEEP �5 cm H2O. All these patients had ARDS of pul-
monary origin, as a large majority of ARDS patients
treated in our medical Intensive Care Unit [4]. Main
clinical data are summarized in Table 1. All patients of
this small group finally recovered, after an average du-
ration of mechanical ventilation of 25€8 days, including
5€3 days of ventilation in the prone position.

Figure 1 illustrates an example of the measurement of
the slow compartment and the TC during a prolonged
expiration.

Respiratory rate (15 breaths/min) and average tidal
volume (541€125 ml) were maintained constant
throughout the study. All respiratory changes produced by
PEEP, ventilation in the prone position, and both together
are presented in Table 2. At baseline (supine with ZEEP),
a slow compartment of 164€85 ml was present. This slow
compartment was significantly reduced to 73€74 ml by
ventilation in the prone position (p=0.015).

Patterns of the inspiratory limb of the low flow pres-
sure-volume loop were markedly changed with PEEP and
prone position, both increasing CSTART and decreasing

Table 1 Main clinical data.
PaO2/FIO2 value after 48 h of
respiratory support, Crs com-
pliance of the respiratory sys-
tem, SAPS II simplified acute
physiological score (version 2),
LISS lung injury severity score

Patient no. Etiology PaO2/FIO2
(mmHg)

Crs (ml/cm
H2O)

SAPS II LISS

1 Bacterial pneumonia 83 41 50 3
2 Viral pneumonia 75 17 42 3.3
3 Bacterial pneumonia 71 15 38 3
4 Aspiration pneumonia 55 59 53 3.3
5 Aspiration pneumonia 93 32 45 2.8
6 Bacterial pneumonia 81 22 73 3
7 Bacterial pneumonia 72 32 45 3.7
8 Aspiration pneumonia 99 31 48 2.8
9 Bacterial pneumonia 50 33 38 3.3

10 Aspiration pneumonia 100 27 26 3.7
11 Bacterial pneumonia 99 34 65 2.5
Mean€SD 80€17 31€17 48€13 3.1€0.4

Fig. 1 Measurement of the “slow compartment” during a pro-
longed expiration. This prolonged expiration also permitted mea-
surement of the time constant (TC), as the time between the onset of
expiration and exhalation of 63% of the total expiratory volume

(DV=63%). This example illustrates that the slow compartment,
which was measured after complete exhalation of the tidal volume,
was, by definition, excluded from tidal ventilation.
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CLIN (Table 2). A schematic representation of these
changes is shown in Fig. 2: the four diagrammatic in-
spiratory curves presented were constructed using the
average data for CSTART, CLIN, end-expiratory pressure,
pressure coordinate of the lower inflexion point, and
DEELV given in Table 2. An example in an illustrative
patient is also shown in Fig. 3. These changes resulted in
a significant and concurrent increase in Crs,nc, calculated
at supportive respiratory rate, and in CCHORD, read on the
low-flow PV curve (Table 2).

Intrinsic PEEP was almost “neutralized” by an external
PEEP of 6€1 cm H2O in the supine position, and was also
markedly reduced by ventilation in the prone position

(Table 2). An example is shown in Fig. 3. Whereas Crs
did not change, Rrs exhibited a trend to a progressive
reduction by PEEP and by ventilation in the prone posi-
tion. Expiratory time constant was significantly reduced
from an average value of 1.98€0.53 s in the supine to
1.53€0.34 in the prone position (Table 2). Oxygenation
was progressively improved during the study, but this im-
provement was more marked in PP. Additionally, PaCO2
was slightly but significantly reduced by ventilation in the
prone position (Table 2).

Individual decreases in PaCO2 and in TC produced by
the prone position, and expressed as percentage of base-
line value in the supine position, are weakly but signifi-
cantly correlated (Fig. 4).

Discussion

A major requirement for a safe ventilatory strategy in
ARDS is to maintain plateau pressure below 30 cm H2O
[4, 14]. On the other hand, it is currently believed that
more hypoxemic the patient the higher should be the
supportive PEEP [15]. When respiratory system compli-
ance is low, these two requirements are often not com-
patible. Moreover, increasing PEEP in ARDS patients
with localized infiltrates is of limited efficacy in im-
proving oxygenation [16]. Thus, there are two potential
reasons for considering prone position as an alternative in
very hypoxemic patients [17]; however, the exact mech-
anism by which prone position improves gas exchange is
not perfectly elucidated. The present study provides in-
direct evidence for a reduction in time constant hetero-
geneity, thus suggesting a more even distribution of tidal
volume.

Table 2 Respiratory changes. ZEEP zero end-expiratory pressure,
PP prone position, Pplateau plateau pressure, PEEPe external
positive end-expiratory pressure, PEEPi intrinsic PEEP, Vslow
volume of the “slow compartment,” DEELV change in end-expi-
ratory lung volume produced by PEEP application, Crs compliance
of the total respiratory system, Crs,nc compliance of the “fast

compartment” (both values were obtained at supportive respiratory
rate), CSTART starting compliance, CLIN linear compliance, CCHORD
chord compliance, LIP pressure coordinate of the lower inflexion
point, Rrs inspiratory resistance of the total respiratory system in-
cluding tubing, TC expiratory time constant.

Supine ZEEP Supine PEEPe PP ZEEP PP PEEPe

Pplateau (cmH2O) 23€4 25€4* 20€4* 24€4
PEEPi (cmH2O) 4.2€1.6 0.4€0.8* 1€1.3* 0€0*

PEEPe (cmH2O) 6€1 6€1
Vslow (ml) 164€85 73€74*

DEELV (ml) 172€109 176€89
Crs (ml/cm H2O) 31€18 31€12 31€14 30€8
Crs,nc (ml/cm H2O) 25€9 30€11* 29€10* 31€7*

CSTART, (ml/cm H2O) 5€2 15€3* 11€3* 15€3*

CLIN (ml/cm H2O) 40€19 34€12* 36€15* 34€12*

CCHORD, mL/cm H2O 23€6 29€7* 28€8* 29€7*

LIP (cm H2O) 12€3 12€3 8€3* 11€2
Rrs, cm H2O/l s�1 17€7 15€5 13€4* 13€4*

TC (s) 1.98€0.53 1.53€0.34*

PaO2/FIO2 (mm Hg) 64€19 80€17 96€23* 137€88*,**

PaCO2 (mm Hg) 55€11 56€11 50€7* 54€11
*p<0.05, vs Supine ZEEP; **p<0.05, PP PEEPe vs PP ZEEP

Fig. 2 Simultaneous changes in starting compliance (CSTART) and
in linear compliance (CLIN) produced by PEEP application, prone
position, and both combined. Chord compliance is shown by the
dotted line. This figure was produced using the average values
given in Table 2. Moreover, we hypothesized that end-expiratory
lung volume was not changed by prone position, as evidenced in a
clinical study by Pelosi et al. [20].
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The time constant is defined as the time required to
passively exhale 63% of the total expiratory volume,
which, in the lack of gas trapping, represents tidal volume
[18]. In the present study, we directly measured the time
constant during a prolonged expiration, as proposed by
Dall’ava-Santucci et al. [13]. This prolonged expiration
also permitted detection of a slow compartment and
measurement of its size, as we have previously reported
[9, 10]. Because the time constant reflects an average
value of all individual units, an increased time constant in
a given setting suggests that some areas may have an
abnormally increased specific time constant acting as a
“slow compartment,” unable to empty at supportive res-
piratory rate, and producing gas trapping. Conversely, a
reduction in average time constant obtained by any ther-
apeutic means suggests a better homogenization of the
time constant of individual units, and relief of gas trap-
ping. This was a positive effect of prone position, directly

Fig. 3 Simultaneous changes in intrinsic PEEP and in PV loop
pattern produced by an external PEEP and by prone positioning. On
the top panel PV loops were recorded in the supine position with
ZEEP (left), in the supine position with an external PEEP (middle),
and in the prone position with ZEEP (right). Whereas a marked
inflexion of the inspiratory limb was present on the left loop, it
disappeared on the middle and right loops. CSTART starting com-
pliance (ml/cm H2O), CLIN linear compliance (ml/cm H2O). On the
bottom panel, recordings of airway pressure, in the supine position

with ZEEP (left), in the supine position with an external PEEP
(middle), and in the prone position with ZEEP (right). Intrinsic
PEEP was measured after a prolonged end-expiratory occlusion
maneuver, whose onset is shown by a vertical arrow. Whereas
some PEEPi was present on the left recording, it disappeared on the
middle and right recordings. Pressure volume loops presented in the
top panel are those recorded directly, and no correction was made
for change in end-expiratory lung volume produced by PEEP
(middle loop).

Fig. 4 A plot of individual decrease of PaCO2 against individual
decrease in TC with prone position, both expressed as a percentage
of baseline value in the supine position
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evidenced in the present study by a significant reduction
in both time constant and the amount of gas trapped in the
“slow compartment.” Gas trapping was also indirectly
heralded by the presence of a substantial level of intrin-
sic PEEP in the supine position, almost completely sup-
pressed by the prone position. It has been shown that
prone position decreases the vertical gradients of pleural
and transpulmonary pressure, tending to reopen the pre-
viously dependent dorsal regions [19]. This mechanism
might induce a better time constant homogenization.

Prone position in the present study also improved
respiratory mechanics. Firstly, it improved the kinetics of
inspiration, probably by preventing small airways closure
preceding end-expiration. We have recently suggested
that low PEEP applied in the supine position may also
have this beneficial effect [9]. In the present study, this
improvement was heralded at supportive respiratory rate
by a significant decrease in inspiratory resistance with
prone position. Secondly, prone position was accompa-
nied by a significant increase in Crs,nc, which was cor-
roborated on the low-flow pressure–volume loop. On this
loop, CCHORD was significantly increased, with a marked
attenuation of the inflexion on the inspiratory limb. We
have also previously observed the same result with a low
PEEP applied in the supine position [9]. This parallel
change in Crs,nc and in CCHORD reinforces our previous
suggestion that, in ARDS patients ventilated with ZEEP,
effective compliance should be calculated without cor-
rection for intrinsic PEEP when a slow compartment is
present [9]. The mechanical improvement with prone
position might result from relief of cardiac and abdominal
compression exerted on the lower lobes in the supine
position [14]. But our results are at variance with three
previous studies, where respiratory system compliance
and resistance were unchanged by the prone position [17,
20, 21]. In these studies, however, no distinction was
made between Crs and Crs,nc, and measurements were
recorded after a shorter period in the prone position:
120 min in Pelosi et al.’s study [20], 60 min in Gu�rin et
al.’s study [21], and an average 95 min in Gainnier’s
study [17], whereas prone position was evaluated after
180 min in our present study.

Mechanical improvement by the prone position, which
concerned both the expiratory and inspiratory phases, was
accompanied by a significant improvement in alveolar
ventilation, which produced, despite an unchanged minute
ventilation, a small but significant decrease in PaCO2. We
also observed a simultaneous improvement in oxygen-
ation, which might in part result from this increase in
alveolar ventilation, because any increase in alveolar ven-
tilation decreases PaCO2 and increases PaO2. In the pres–
ent study, adding PEEP in the prone position did not have
any further beneficial effect on respiratory mechanics,
whereas a low PEEP significantly improved Crs in the
supine position in our previous work [9]. This strongly
suggests that mechanical improvement observed in both

studies resulted from the neutralization of the slow com-
partment, already obtained when PEEP was applied in the
prone position in the present study, thus precluding any
further mechanical improvement with PEEP.

Another interesting finding of the study was the fact
that a low PEEP, another efficient means of neutralizing
the slow compartment when used in supine position [9],
acted against the effect of prone position on alveolar
ventilation. In our opinion, this demonstrated that the two
maneuvers act in a different way: whereas PP reduced the
slow compartment and increased alveolar ventilation,
PEEP neutralized the slow compartment without chang-
ing alveolar ventilation. This finding suggested that, at the
same time that it neutralized the slow compartment, PEEP
was associated with some increase in alveolar dead space,
precluding any improvement in alveolar ventilation. In
fact, we have shown in our previous study that relieving
the slow compartment by PEEP was always associated
with an increase in end-expiratory lung volume greater
that the size of the slow compartment [9]; however, nei-
ther the lack of mechanical improvement nor the increase
in alveolar dead space produced by PEEP argue against
the use of PEEP in the prone position in these patients.
Much more important, the benefit in arterial oxygenation
obtained by PEEP was marked when used in the prone
position, whereas the associated increase in PaCO2 was
minor. In this group of severely hypoxemic patients, use
of low PEEP in the prone position appeared to be a
valuable alternative in clearly improving PaO2/FIO2, thus
avoiding an excessive plateau pressure generated by a
higher PEEP. This additive benefit of PEEP and prone
position in oxygenation in ARDS was recently under-
scored by Gainnier et al. [17]. In ARDS patients, PEEP
improves oxygenation by reducing the extent of intra-
pulmonary shunt, i.e., the pulmonary areas exhibiting a
ventilation/perfusion ratio of nil [22]. Two specific mech-
anisms may be involved in this beneficial effect of PEEP
on oxygenation: a reduction of lung blood flow, and some
recruitment in shunt area. Our results suggested that this
beneficial effect of PEEP might be more efficient in the
prone position, and this could be related to the fact that
this postural change homogenizes blood flow in the lung
[6].

Conclusion

In conclusion, our present study has shown that prone
positioning in ARDS patients significantly shortens the
expiratory time constant, reduces gas trapping produced
by supportive respiratory rate, and significantly improves
alveolar ventilation. Moreover, when associated with a
low PEEP, it results in a major improvement in arterial
oxygenation.
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