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Effect of prone position without PEEP on oxygenation
and complacency in an experimental model
of lung injury

Ana Cristina Z. Yagui,* Oswaldo S. Beppu2

Abstract

Objective: To observe the effects of the prone position and the need for positive end-expiratory pressure (PEEP)

to improve oxygenation.

Methods: Sixteen rats were anesthetized and ventilated at a tidal volume of 8 mL/kg, respiratory rate of 60 rpm
and PEEP = 0 cmH,0 (ZEEP), in the supine position for 30 minutes. Lung injury was then induced by means of
intratracheal instillation of hydrochloric acid. Once the injury was established, rats were placed in the prone position for
a further 30 minutes and randomized into two groups: in group 1 PEEP = 5 cmH,0 was added; while group 2 was kept
on ZEEP. Measurements of pulmonary mechanics, arterial blood gas analysis and mean arterial pressure were taken at

the end of each phase.

Results: In group 1, oxygen partial pressure increased significantly from 98.7+26.5 to 173.9+58.4 mmHg
between injury and prone phases; in group 2 it was unchanged, varying from 99.6+15.4 to 100.5+24.5 mmHg. Group
1 also exhibited significant improvement in complacency, from 0.20£0.01 to 0.23+0.02 mL/cmH,0, while, once
more, group 2 did not exhibit improvement, going from 0.21+0.02 to 0.22+0.01 mL/cmH,0. Mean arterial blood
pressure measurements did not change significantly in either group at any point during the experiment.

Conclusions: The prone position only resulted in improved oxygenation and respiratory mechanics when
combined with PEEP = 5 cmH,0. The prone position did not cause hemodynamic compromise with or without PEEP =

5 cmH,0.
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Introduction

Secondary arterial hypoxemia, primarily caused by
increased pulmonary shunt, is the principal physiological
change that takes place during acute lung injury and acute
respiratory distress syndrome (ARDS) and is an important

its definition.*-?

element of A variety of ventilatory
maneuvers are employed to combat it, such as mechanical
ventilation with positive end expiratory pressure (PEEP),

alveolar recruitment, high-frequency ventilation®® and

non-ventilatory maneuvers such as the administration of
nitric oxide and surfactant, fluids management, corticoids,>8
etc.

The most effective measure for improving oxygenation is
to employ PEEP, although the best method of administration
is not yet known.®"! It can, however, also be responsible for
severe hemodynamic changes, to the extent that it can
become a problem. Despite all of these measures, hypoxemia
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very often persists, and it becomes necessary to administer
high fractions of inspired oxygen, within the range of toxicity,
which in turn makes further measures necessary. Among
these, the prone position is most efficient, and while its use

has not been shown to reduce mortality,*2-14

it has proven
important for improving arterial oxygenation.'® In clinical
trials it has been shown to improve oxygenation in 75-80% of
patients and, because of this, has been recommended by

consensus papers on mechanical ventilation for ARDS.®

In 1976, Piehl & Brown performed a retrospective study
demonstrating that the prone position improved oxygenation
in five patients with ARDS without observing any deleterious
effects.'® Around 1 year later, Douglas et al. performed a
retrospective study demonstrating that the prone position
could effectively improve oxygenation in ARDS.!” Many
clinical and experimental studies have since been carried out,
but the mechanism responsible for the improvement remains
highly controversial.®° The relationship between PEEP,
prone position and improved oxygenation is also

controversial.2°

The objective of this study is to test whether the prone
position in isolation, without PEEP, can improve arterial
oxygenation in an experimental model of ARDS and,
depending on the results, postulate the physiological
mechanism behind any improvement.

Methods

The study protocol was submitted to and approved by the
Ethics Committee at the Universidade Federal de Sao Paulo/
Escola Paulista de Medicina (UNIFESP-EPM), hearing
0172/04. Sixteen male Wistar rats, with weights varying from
0.35t0 0.42 kg, were obtained for the study from the central
animal facility at UNIFESP-EPM. On the day of the experiment
the rats were allocated to groups by lots. The rats were
weighed (Agran balance, model 1715) and anesthetized with
intraperitoneal sodium thiopental at a dosage of 50 mg/kg,
with supplementary doses given as necessary throughout the
experiment. The carotid artery was catheterized with a
polyethylene catheter maintained heparinized in order to
measure mean arterial pressure (MAP), which was verified
throughout the study using an invasive pressure monitor
(AVS Model - special projects) and also for the collection of
arterial blood for gas analysis. Samples of 200 pL of arterial
blood were taken for arterial blood gas analysis by
Radiometer Copenhagen ABL 520 equipment at the following
time points: baseline (first phase), injury (second phase) and
prone (third phase). The pulmonary vein was also
catheterized with the same type of polyethylene catheter and
used for hydration with saline solution at a dosage of 10.0
mL/kg/h, using a NIKKISO infusion pump. The rats were
paralyzed with 0.1 mL/kg of pancuronium bromide (Pavulon)
and put on mechanical ventilation using an Inter 3 ventilator
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(Intermed, Brazil) adapted for small animals, with fraction of
inspired oxygen at 100%, tidal volume (Vt) at around 8
mL/kg, respiratory rate at around 60 rpm, inspiratory flow at
10 mL/s and PEEP = 0 cmH,O (ZEEP), in the supine position
for 30 minutes, which was defined as the baseline phase. In
order to be included in the remainder of this study, each rat
had to exhibit an initial PaO, = 300 mmHg. Lung injury was
induced by infusion of 1 mL/kg of hydrochloric acid (HCI)
(0.1N with pH of 1.5) in intratracheal bolus, with the rat
disconnected from the mechanical ventilator in an inverted
Trendelenburg position. The injury period began after
infusion, but, if ARDS was not confirmed after 30 minutes
(PaO, <200 mmHg), then another 50% of the initial dose was
infused and the rat kept on mechanical ventilation for a
further 30 minutes until injury was confirmed. Three
measurements were taken for each of peak pressure
(Ppeak), PEEP and flow, and the means recorded, while Vt
was calculated from figures obtained using a pneumot-
achograph (Hans Rudolph Inc., 0-3 LPM) connected between
the ventilator and tracheostomy and also with data
acquisition software (PicoScope). Dynamic complacency
(Cdyn) measurements were then calculated using the
following formula: Volume/Ppeak - PEEP. Once the injuries
were established, rats were randomized into two groups:
group 1 rats were put in the prone position and given PEEP =
5 cmH,0; while group 2 rats were put in the prone position
and kepton PEEP = 0 (ZEEP). This was designated as the third
phase of the protocol and the rats remained in this state for a
further 30 minutes. Results are expressed as means with
standard deviations (SD). Student's t test for unpaired
samples was used for comparisons between groups.
Comparisons between phases within groups were made
using analysis of variance for dependent data. When the test
returned statistically significant values, it was supplemented
with the Tukey-Kramer test. Instat software was used. The
sample size was calculated assuming a variation of the order
of 31 mmHg (pilot phase) and seeking to detect a difference
between the two groups of the order of 50 mmHg, resulting in
eight animals in each group to achieve alpha = 0.005 and
beta = 0.80.

Results

None of the animals died before the end of the
experiment. Four of the rats were excluded from the
experiment because their baseline PaO, was < 300 mmHg.
The two groups did not differ significantly in terms of the
variables studied during the baseline period, either in terms
of weight, gas exchange, pulmonary mechanics or MAP. In
relation to gas exchange, both groups exhibited a significant
drop in PaO, between baseline and injury phases; group 1
exhibited significant improvement in PaO, between injury
and prone phases, as shown in Table 1 and Figure 1, which did
not occur in group 2. In regard to the respiratory mechanics
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variable, both groups exhibited a reduction in dynamic
pulmonary compliance between baseline and injury phases
(Table 1). Group 1 exhibited significant improvement in
complacency between the injury and prone phases; however
group 2 did not improve (Table 1, Figure 2). The
hemodynamic variable (MAP measurement) did not exhibit
significant changes in either group at any point during the
experiment (Table 1).

Discussion

The response to PEEP and the prone position can vary
between pulmonary and extrapulmonary ARDS,?%22 to the
extent that interpretations of this study should take this fact
into consideration. The model we have studied is more
representative of pulmonary ARDS. Furthermore, the
response may vary depending on whether infiltrates are
localized or diffuse.??

Despite the need to use PEEP in ARDS to improve
oxygenation and also to protect the lung injury induced or
related to mechanical ventilation, we did not use it in the
supine position for two reasons:

- The effects of PEEP in the supine position are well-known;

- Using PEEP in the supine position would recruit pulmonary
alveoli and could result in hemodynamic changes, factors
which could alter the interpretation of the results studied
in the prone position.
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Figure 1 - Oxygenation of the two groups

Prone

Furthermore, one of the objectives of this study was to

postulate the mechanisms of response to oxygenation and
mechanicsin the prone position, which prior use of PEEP could
have compromised. We used PEEP at a level of 5.0 cmH,O
based on our and on previous experiments. We observed that
this level of PEEP already significantly improved arterial
oxygenation?® and that, in this model, higher levels of PEEP

Table 1 - Analysis of study variables for groups 1 (PEEP = 5 cmH,0) and 2 (ZEEP)

Variables Groups Baseline (B) Injury (I) Prone (P)
PaO, (mmHg)
G1 Prone + PEEP 370.3+30.6 98.7+26.5* 173.94+58.4*"
G2 Prone + ZEEP 356.4+28.6 99.6+15.4* 100.5+24.5%*
Cdyn (mL/cmH,0)
G1 Prone + PEEP 0.34+£0.02 0.20£0.01%* 0.23+0.02*"
G2 Prone + ZEEP 0.35+0.03 0.21+0.02* 0.22+0.01%*
MAP (mmHg)
G1 Prone + PEEP 142.6+25.0 130.7+14.1 125.8+£22.0
G2 Prone + ZEEP 143.1+23.6 143.0+16.8 130.8+34.8

Cdyn = dynamic complacency; MAP = average arterial pressure; PEEP = positive end-expiratory pressure;

ZEEP = PEEP = 0 cmH,0.

*p <0.001 vs. baseline; " p < 0.05 vs. injury; * p <0.05 vs. G1.
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Figure 2 - Complacency of the two groups

could change the hemodynamics, particularly in rats, leading
to instability which could cause the death of the animals and
rule out completion of the experiment. It was also observed
that PEEP at higher levels than these reduces cardiac output,
making it difficult to interpret gas exchange, sinceitis known
that hemodynamic changes can substantially affect gas
exchange. Furthermore, this level of PEEP is often used within
the pediatric age range.?*

Most studies show that the prone position alone does not
alter cardiac output. In our experiments, although we did not
measure cardiac output, MAP was constant for both groups,
suggesting that cardiovascular hemodynamics were
unaltered.

Our study of the prone position was for 30 minutes, a
period during which, 90% of patients in clinical trials who
responded with improved gas exchange had already done
s0.'3 Nevertheless, some patients improve after 120
minutes, so that, if the clinical results were similar to
experimental ones, it is possible that after a longer interval
we could have observed an improvement in arterial
oxygenation.

Despite the use of the prone position to improve arterial
oxygenation in patients with ARDS, few studies have
investigated the local mechanism behind this improvement.
Lamm et al.'® demonstrated that the prone position was
associated with a stricter distribution of the ventilation
/perfusion ratio (more homogeneous) and with a relative
increase in the ventilation/perfusion ration in the dorsal
region of the lungs.

Computerized tomography of the chest shows that, while
ARDS injuries are heterogeneous, they primarily affect the
dorsal regions of the lungs.?* Therefore, in the supine
position, pulmonary ventilation without PEEP is primarily
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distributed to the ventral region of the lungs. The ratio of
ventilation between ventral and dorsal regions is around
2.5:1. With the addition of PEEP, the distribution of ventilation
becomes progressively more homogeneous, with the ratio of
close to 1:1 with PEEP at 20 cmH,0.2° This finding suggests
that with PEEP regional complacency is changed, leading to a
reduction in the ventral region and an increase in the dorsal
region, due to the large quantity of potentially recruitable
tissue.

With ARDS and the prone position, the distribution of
trans-pulmonary pressure is more homogeneous than with
the supine position. Pulmonary density displaces from the
dorsal region to the ventral in addition to more homogeneous
ventilation distribution. Several mechanisms may be causing
this change, including the reversal of the weight gradient
across the lungs, transfer of the weight of the heart, transfer
of abdominal contents and the shape of the thoracic and
pulmonary wall.*® Were perfusion to respect only the force of
gravity, the majority would go to the dorsal region in the
supine position, and to the ventral region in the prone
position. However, there is data demonstrating that in the
prone position, in contradiction to the gravitational gradient,
perfusion continues to be greater in the dorsal part of the
lungs, despite the influence of several factors such as hypoxic
vasoconstriction, vascular obliteration and external
compression of vessels.182% Since the dorsal region is the
most perfused and predominantly most injured in ARDS, in
the supine position the result is worsening of the pulmonary
shunt.

Itis not known if the improved gas exchange in the prone
position is the result of the restoration of aeration in the
shunted regions or due to redistribution to other areas distant
from these regions. Richter et al.?” performed a study with
seven sheep with ARDS due to pulmonary lavage in an
attempt to answer the question above, using positron
emission tomography (PET) to investigate the regional
distribution of pulmonary shunt, aeration, perfusion and
ventilation. The authors concluded that, for the model in
question, the improved oxygenation was the result of
restoration of aeration and reduction of pulmonary shunt in
the dorsal region, although perfusion remained in this region,
despite a small redistribution to the ventral region, with no
common commitment reduction in aeration or increase in
shuntin the ventral region. Nevertheless, the critical factorin
improving oxygenation was indeed restoration of aeration in
the dorsal regions. This finding is consistent with a lower
pleural pressure gradient in the prone position, as described
earlier.

Thisis probably what occurred in our study. Without PEEP,
the collapsed alveoli in the dorsal region did not open when
the rats were placed in the prone position. Perfusion, as has
also already been demonstrated, retained the preference for
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this region, and so pulmonary shunt was also maintained.
When PEEP was applied, the preferred alveoli in this region
(dorsal) opened, with improved V/Q ratio and reduced
pulmonary shunt. Even with the use of PEEP, perfusion
remained greater in the dorsal region in the prone position. If
high levels of PEEP were employed, it is possible that even
better oxygenation results could be observed, despite
controversies over the effects of PEEP in the prone position.2®

Therefore, we believe there was probably greater
homogenization of pulmonary ventilation when we put our
ratsin the prone position with PEEP at 5 cmH,0. In addition to
the areas recruited by PEEP, which improved the V/Q ratio, it
is possible that perfusion also favored the improvement in
oxygenation that was observed.

Thus, we postulate that the prone position alone would
not be capable of improving oxygenation without PEEP in
ARDS, in which we know there is a lower quantity of
potentially recruitable pulmonary tissue due to the greater
numbers of alveoli filled with liquid, which need greater
pressure for alveoli to open. Nevertheless, some authors
have demonstrated improved oxygenation when patients are
placed in the prone position even on ZEEP, such as
Vieillard-Baron et al.,?® who compared ZEEP and PEEP = 6
cmH20 in 11 patients with ARDS of pulmonary origin, with
severe hypoxemia. However, the difference from our study is
that the whole group was placed in the supine position on
ZEEP and then with PEEP = 6 cmH,0, and, then the same
group was placed in the prone position on ZEEP and PEEP = 6
cmH,0, meaning that when the group were put in the prone
position on ZEEP, it had already been given a higher end
expiratory pressure (6 cmH,0), possibly already recruiting
some previously collapsed areas. Many authors have
demonstrated improved oxygenation in the prone position,
such as Pelosi et al.,>® however all of these studies used the
same PEEP levels which had already been used in the supine
position before being putin the prone position. Therefore, the
improvement in oxygenation observed is associated with
ventilator parameters which promoted or will promote
additional alveolar recruitment, which did not happen in our
study, since we only observed the effect of the prone position
without PEEP.

In relation to pulmonary compliance, results are
controversial. Some studies have shown it to drop, and others
to rise, when in prone position. It appears that pulmonary
compliance depends on the ARDS etiology. When etiology is
pulmonary, complacency is reduced, whereas, when it is
extrapulmonary, it may increase. The progress of pulmonary
compliance depends on the rigidity of the chest wall and on
pulmonary recruitment. This is the reason why complacency
tends to improve in extrapulmonary ARDS, since there is
more pulmonary parenchyma to be recruited. In our study
complacency improved with the use of PEEP at 5 cmH,O0, but
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not with ZEEP. We did not measure static complacency, but
dynamic complacency, meaning that we cannot rule out the
possibility that using PEEP improved airway resistance,
increasing pulmonary volume and therefore improving Cdyn.

In an experimental model of ARDS induced by HCI, which
is @a model that mirrors bronchoaspiration, primarily common
among pre-terms, we observed that the prone position only
offered improvements in oxygenation during the first 30
minutes when combined with positive end expiratory
pressure (PEEP = 5cmH,0); the prone position also exhibited
improvements, during the period studied, in respiratory
mechanics for group 1, but did not exhibit significant
improvements in the group 2. However, since the test power
was 0.05, we cannot rule out a beta type error between the
injury and prone phases on ZEEP. The prone position did not
cause hemodynamic compromise in either group (with or
without PEEP).

The conclusion of our study, therefore, is that in order to
improve oxygenation in the prone position, it is of
fundamental importance that alveoli be opened using PEEP or
perhaps alveolar recruitment maneuvers.
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