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A B S T R A C T

Acute respiratory distress syndrome (ARDS) and ventilator induced lung injury (VILI) continue to challenge clinicians
who care for the critically ill. Current research in ARDS has focused on ventilator strategies to improve the outcome
for these patients. In this review, we emphasize the limitations of managing ventilators based on airway pressures alone.
Specifically, basic pulmonary mechanics — including chest wall compliance and transpulmonary pressure — are
reviewed. This review suggests that perturbations in chest wall compliance and transpulmonary pressure may explain
the lack of efficacy observed in recent clinical trials of ventilator management. We present a method for estimating pleu-
ral and transpulmonary pressures from esophageal manometry. Quantifying these variables and individualizing ven-
tilator management based on individual patient physiology may be useful to intensive care clinicians who treat patients
with ARDS.
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It is well-recognized that positive pressure
mechanical ventilation can exacerbate acute

lung injury (ALI). This injury, termed ventilator-
induced lung injury (VILI), results from sever-
al mechanisms including the cyclic over-disten-
sion and collapse of alveoli with tidal breathing
on the ventilator. Overdistension injury, or “volu-
trauma”, is the result of excessive stress at end-
inflation, presumably due to high transpul-
monary pressure.1, 2 “Atelectrauma”, on the oth-
er hand, is induced by the repetitive opening
and closing of alveolar units at end-exhalation,3
presumably due to levels of positive end-expira-
tory pressure (PEEP) that are inadequate to pre-
vent derecruitment. Finally, mechanical injury
leads to release of biological mediators which
may lead to further lung injury as well as distal
organ damage. This has been referred to as “bio-
trauma”.1-3 

Lung protective ventilation

Extensive research has been undertaken to
understand and ultimately minimize these venti-
lator-associated mechanisms of lung injury. Most
notably, the National Institutes of Health acute
respiratory distress syndrome (ARDS) network
demonstrated a 22% reduction in mortality when
patients were ventilated with tidal volumes (VT),
6 mL/kg of ideal body weight vs. 12 mL/kg, and
plateau pressures (Pplat) were maintained at less
than 30 cmH2O.4 This trial clearly defined a “lung
protective” strategy for minimizing the effects of
“volutrauma”. 

A subsequent trial by the ARDS network inves-
tigators (ALVEOLI) attempted to address the
mechanism of “atelectrauma” by evaluating the
effects of higher vs. lower levels of PEEP.5

Significant preclinical data suggests that minimiz-
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ing derecruitment of alveoli at end-exhalation with
higher levels of PEEP would mitigate this injury.
In this study, patients diagnosed with ARDS/ALI
and already receiving the low tidal volume strate-
gy were randomized to either high or low PEEP set
by two different sliding scales, based solely on the
patient’s oxygenation. The resulting average level
of PEEP in the two groups was ~14 cmH2O vs.
~8 cmH2O in the high and low PEEP groups,
respectively. The authors were unable to demon-
strate improvement in the primary endpoint, inten-
sive care unit (ICU) mortality, with a high strate-
gy.5 

Grasso et al. have postulated that the ALVE-
OLI trial did not capture beneficial effects of high-
er of PEEP because the study protocol failed to
individualize PEEP to each patient’s respiratory
system.6 Through measurements of gas exchange
and respiratory mechanics in a small series of
patients, they demonstrated applying higher PEEP
using the ALVEOLI protocol resulted in a wide-
ly variable response. Specifically, only 9 out of 19
patients had a favorable response to higher PEEP
as measured by alveolar recruitment (via pressure-
volume curves plotted during low-flow tidal infla-
tion), increased arterial oxygen partial pressure/frac-
tion of inspired oxygen ratio and a reduction in
static lung elastance.6 Conversely, the remaining
10 patients, termed “non-recruiters”, failed to show
improvement in any of these measurements —
some even demonstrating increased lung elastance
when exposed to higher PEEP. The authors con-
cluded that random application of elevated PEEP
not only failed to induce recruitment in many
patients, but could lead to over distension and
thus risk negating the beneficial effects of the low-
tidal volume strategy.6 

Within the last year, two additional multicen-
tered randomized control trials have been pub-
lished comparing high vs. low PEEP in patients
with ARDS. In the LOV trial, Meade et al. ran-
domized 983 patients to either “conventional” lev-
els of PEEP (mean 9.8 cmH2O) or an “open lung”
approach, whereby PEEP was increased but still
based on a predetermined FiO2 scale (mean 14.6
cmH2O).7 The methods in this study were similar
to ALVEOLI with the exception that recruitment
maneuvers were permitted in the study group.7
Plateau pressures were maintained at <30 cmH2O

and <40 cmH2O in the control and study groups,
respectively. There was no statistical difference in
the primary end-point, all-cause hospital mortal-
ity.7

In the EXPRESS trial Mercat et al. randomized
767 patients with ARDS to either a moderate
PEEP strategy of 5-9 cmH2O or a high PEEP strat-
egy, whereby PEEP was increased to reach a plateau
pressure of 28 to 30 cmH2O.8 This protocol was
unique in that it allowed for the titration of PEEP
in the study group to a quantifiable variable of res-
piratory mechanics, rather than simply oxygena-
tion. The protocol resulted in day one PEEP dif-
ferences of 15.8 vs. 6.4 cmH2O for the study and
control groups, respectively.8 The primary end-
point was mortality at 28 days and secondary end
points were hospital mortality at 60 days, ventila-
tor-free days, and organ failure-free days. The
results showed no significant difference in either
28 day or hospital mortality.8 However, the study
group had a higher median number of ventilator-
free days, 7 vs. 3 (P=0.04) and organ failure-free
days, 6 vs. 2 (P=0.04).8 Although the EXPRESS
trial utilized physiologic variables of respiratory
system mechanics and demonstrated improve-
ment in some important secondary endpoints, the
use of plateau pressures to titrate PEEP may still
fail to account for other important variables of the
respiratory system, for example, chest wall elas-
tance. 

Two earlier trials compared the effects of PEEP
set at 2 cmH2O above the lower inflection point
on the pressure-volume curve of the respiratory
system (Pflex) to lower levels of PEEP. These PEEP
strategies, in the trials by Amato et al.9 and Villar
et al.,10 are difficult to interpret as the control group
in both studies received tidal volumes that would
now be considered potentially injurious.
Furthermore, the measurement of static and qua-
si-static pressure-volume loops and the determi-
nation of Pflex to set PEEP, has proven to be chal-
lenging.11 Another limitation of Pflex is that substan-
tial lung recruitment and derecruitment occurs as
airway pressure and lung volume rise and fall in a
range that is well above the lower inflection point
of the pressure-volume curve.12 This technique
also fails to distinguish the effects of the chest wall
on airway pressure and the shape of the pressure
volume relationship.13, 14
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Pleural and transpulmonary pressure

The lack of consensus on a method to deter-
mine the optimal PEEP has led some to conclude
that setting and managing the “optimal PEEP” is
the “holy grail” for clinicians who manage patients
with ALI.15 While the titration of PEEP based on
measurement of airway pressures may be adequate
for the management of most mechanically venti-
lated patients, we know that this is an oversimpli-
fied surrogate for pressures actually seen by the
two components of the respiratory system, the
lung and the chest wall. It is now widely accepted
that chest wall mechanics can be severely abnormal
in critically ill patients.13, 14, 16, 17 And as we contin-
ue our search for better lung protective strategies,
it is obvious that the contribution of the chest wall
elastance should not be ignored. Chest wall (Ecw)
and lung elastance (EL) combine to form the total
respiratory system elastance (Etot) by the equation:
Etot=Ecw+EL.

16 

Delineation of these two variables requires an
understanding of the entire respiratory system and,
in particular, the variable that separates the lung
from the chest wall, i.e. pleural pressure (Ppl). The
distending pressure of the lung is termed transpul-
monary pressure (PL), and during static airway
conditions is simply the difference between alve-
olar pressure (Palv) and pleural pressure (Ppl), i.e.
(PL=Palv–Ppl). Alveolar pressure can be approxi-
mated from the pressure at the airway opening
(Pao) during static maneuvers (i.e., end-expirato-
ry and end-inspiratory breath hold maneuvers).
Chest wall elastance can then be separated by the
pleural pressure, if known, by the equation: Ppl=Pao

x Ecw/Etot.16 The major difficulty lies in achieving
accurate and reproducible measurements of the
Ppl. Some authors have noted the correlation
between abdominal pressures and chest wall elas-
tance.14, 16, 17 However, this ignores other compo-
nents of chest wall elastance, including the tho-
racic rib cage, diaphragm elastance and pleural
effusions. It is possible to directly insert pressure
transducers into the chest and obtain direct meas-
urements in experimental models.18 However this
is clearly not feasible in clinical practice. One pro-
posed alternative is to obtain pleural pressure meas-
urements by measuring the pressure in the esoph-
agus.14, 19 

Estimating pleural pressure in ARDS

In healthy subjects and upright spontaneously
breathing patients, the close proximity of the
esophagus and pleural space (Figure 1) has allowed
Ppl to be estimated from measurements of
esophageal pressure (Pes) with a pressure transduc-
ing balloon catheter.20 However, this has rarely
been done in patients with acute lung injury, pos-
sibly because of a widespread belief that artifacts
induced by the heart and mediastinal contents
make Pes an unreliable estimate of Ppl in these
patients.21 Washko et al. characterized the magni-
tude and variability of postural effects on
esophageal pressure in healthy subjects.19 They
found that transpulmonary pressure during relax-
ation (PL rel) averaged 3.7±2.0 cmH2O upright
and -3.3±3.2 cmH2O supine. Approximately 58%
of the decrease in PL rel between the upright and
supine postures was due to a corresponding
decrease in relaxation volume. The remaining 2.9
cmH2O difference is consistent with reported val-
ues of a presumed postural artifact. The authors
concluded that postural differences in estimated
transpulmonary pressure at a given lung volume are
small when compared with the substantial range
of PL in patients with acute lung injury and recom-
mended that adding a 3 cmH2O correction to the
estimated PL measured by Pes for the effects of lying
supine.19

In a series of patients with ARDS, Gattinoni
et al. utilized Pes measurements at varied levels of
PEEP to define two different subtypes of
ARDS/ALI, having either pulmonary or extra-

Pleura Esophagus with
pressure catheter

Figure 1.—Computed tomogram of the chest, showing the prox-
imity of the esophagus and an inserted balloon-catheter to the
pleural space as well as the relative height of the esophagus in the
chest.
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pulmonary ARDS, with very different respirato-
ry mechanics.22 The authors found that lung
elastance was markedly higher in patients with
pulmonary ARDS, whereas chest wall elastance
was abnormally increased in the patients with
extrapulmonary ARDS. The intra-abdominal
pressure was higher in the extrapulmonary ARDS
patients than in pulmonary ARDS patients, and
significantly correlated with chest wall elas-
tance.22 

Pelosi et al. have reported a series of animal
experiments where they compared the pressures
obtained in the esophagus to those recorded by
pressure transducers placed directly in the chest
wall. The authors found good correlation between
Pes and the PL measured in the mid portion of the
chest wall in supine lung-injured dogs.18 

In an observational study of patients with
ALI/ARDS,14 Talmor et al. found Pes averaged
17.5±5.7 cmH2O at end-expiration and 21.2±7.7
cmH2O at end-inflation and were not significant-
ly correlated with body mass index or chest wall
elastance. Estimated PL was 1.5±6.3 cmH2O at
end-expiration, 21.4±9.3 cmH2O at end-infla-
tion, and 18.4±10.2 cmH2O during a static end-
inspiratory maneuver. Interestingly, the PL calcu-
lated using Pes was a negative number in many
patients, suggesting that significant numbers of

ventilated patients continue to have cyclic collapse
of lung units at end-expiration.14 

Based on these observations, it was postulated
that Pes, corrected for a positional artifact as
described by Washko et al., reflects an effective
estimate of Ppl in critically ill patients as it does in
healthy individuals and can be used to estimate
the PL during static maneuvers as a guide to setting
PEEP and preventing “atelectrauma” at end-exha-
lation.14, 19 Despite the limitation noted by Pelosi
that the absolute values did not always correlate
with the direct pleural pressure measurements for
all regions of the lung,18 consistent trends in PL

estimated from Pes have now been observed by
Pelosi, Gattinoni, and Talmor.14, 18, 22 

Esophageal pressure measurements in clinical
practice

With the balloon in the midesophagus per our
reported technique,14, 23 we perform static airway-
occlusion maneuvers at end-inspiration and end-
expiration to obtain static measurements of PL

with the correction applied per Washko et al. as
follows: PL=Pao–Pes+5 cmH2O. These measure-
ments are graphically presented in Figures 2-4.
Patients in whom the Pes exceeds the Pao at end-
expiration (i.e., estimated PL is negative at end-
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Figure 2.—Two serial measurements with static occlusion maneuvers in a patient with ALI demonstrating esophageal pressures (Pes);
airway opening pressure (Pao); and transpulmonary pressure (PL=Pao–Pes). This figure also demonstrates the effect of increasing PEEP
with the resulting elevation of PL above zero at end-expiration, thus, we theorize, reducing atelectasis and atelectrauma.
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expiration) are considered to be at risk for dere-
cruitment of viable lung segments with each tidal
breath. Talmor et al. have postulated the unex-
pected findings of a negative PL in mechanically
ventilated patients meeting criteria for ALI is due
to one of several of mechanisms.14 Possibly, prox-
imal airway closure during exhalation could cause
alveolar gas trapping and, thus, true alveolar pres-
sure and Pes to be higher than Pao, and thus the
estmated PL to be negative.14 Additionally, region-
al variations in pleural pressure may cause Pes (and
Ppl at mid-lung height) to be higher than Ppl near
the non-dependant lung, allowing part of the lung
to be ventilated while estimated PL in the mid-
lung is negative.14 That is, the negative estimate
of PL does not insinuate a vacuum inside the chest
cavity; rather it simply represents the known lim-
itations of calculating the “relative” PL. Thus,
esophageal pressures are an estimate of global pleu-
ral pressures (as noted by Pelosi et al.18) just as air-
way pressures are an estimate of global alveolar
pressure, both with known limitations. And despite
these limitations, a “negative” PL relative to these
estimated variables appears to result from under-

inflation at end-expiration and generally indicates
PEEP responsiveness without evidence of hyper-
inflation by respiratory mechanics variables or
cytokine response.14, 23, 24 For example, in a patient
with ARDS secondary to severe pancreatitis and
elevated bladder pressures, it is very common to see
the tracing in Figure 4, demonstrating normally
compliant lungs with very elevated Pes measure-
ments, thus leading to the remarkably negative PL
tracing at end-expiration (Figure 4). 

Translating these findings into clinical practice,
Talmor et al. theorized that esophageal pressures
could be used as a guide for the titration of PEEP
in patients with ARDS. Incorporating this theo-
ry into a protocol, we recently published a single
center study of 61 patients randomized to either
PEEP titrated to the ARDSnet sliding scale or to
PL, estimated from esophageal pressure, to keep
PL>0 cmH2O during static end-expiratory maneu-
vers. The primary endpoint was patient oxygena-
tion. Unlike other studies, the study protocol did
not require PEEP to be increased in the study
group and, in fact, it was decreased in some
patients. Overall, however, the PEEP levels were

80

Fl
ow

 (
lp

m
)

40

-40

-80

-120

0

PaoPes

PL

2 4 6 8 10 12 14

2 4 6 8 10 12 14

2 4 6 8 10 12 14

50

40

30

20

10

0

P-
A

ir
w

ay
 (

cm
 H

2O
)

P-
E

so
 (

cm
 H

2O
)

32

24

16

8

0

-16

Pa
ir

-P
es

o 
(c

m
 H

2O
)

-8

Time (s)

Figure 3.—In a patient with ALI, this tracing exemplifies noncompliant lungs and a normally compliant chest wall, with the Pes trac-
ing superimposed on Pao. The Pes tracing is in good position as noted by the visible cardiac oscillations, however, there is little change
in the Pes tracing despite large change in Pao with each tidal breath (~12 cmH2O end expiration to ~40 cmH20 end-inspiration). Also
of note, this patient’s end-expiratory transpulmonary pressure is nearly zero as noted by the arrow connected to the label PL, indicat-
ing that this patient would likely not benefit from further PEEP elevation based on our observations.
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clearly higher in the study group with PEEP at 72
hours averaging 17±6 vs. 10±4 cmH2O in the
study and control groups, respectively. After meet-
ing early stopping criteria, the PaO2/FiO2 ratio at
72 hours was significantly different at 88 mmHg
higher in the study group than the control (95%
confidence interval, 78.1 to 98.3; P=0.002). This
effect was persistent over the entire follow-up time
(at 24, 48, and 72 hours; P=0.001 by repeated-
measures analysis of variance). Respiratory-system
compliance was also significantly better at 24, 48,
and 72 hours in the esophageal pressure–guided
group. Talmor et al. concluded that this method
can be useful, effective and safe. 

Conclusions

Higher levels of PEEP have been shown to be
lung-protective in numerous animal models of
ARDS but have demonstrated inconsistent benefits
in clinical investigations.5, 9 Undetected variations in
Ppl may have contributed to negative outcomes in
these trials. Failure to account for Ppl may lead to
under- or over-application of PEEP in some patients
as well as misinterpretation of high plateau airway

pressures as evidence of lung over-distension.25, 26

Measuring Pes to estimate transpulmonary pressure
may allow customization of ventilator settings to
accommodate individual variations in lung and
chest wall mechanical characteristics. This individ-
ual approach may reduce the risk further lung injury
in ARDS.21, 25, 27 Use of esophageal pressure meas-
urements as an estimate of pleural pressure, have
been demonstrated safe and efficacious in a small
clinical trial.23 Larger, randomized, multi-centered
trials are required to further validate the use of PEEP
titrated to transpulmonary pressure as estimated by
esophageal pressure.
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