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Abstract: Ventilator management of patients with acute respiratory distress syndrome (ARDS) has been
characterized by implementation of basic physiology principles by minimizing harmful distending pressures
and preventing lung derecruitment. Such strategies have led to significant improvements in outcomes.
Positive end expiratory pressure (PEEP) is an important part of a lung protective strategy but there is
no standardized method to set PEEP level. With widely varying types of lung injury, body habitus and
pulmonary mechanics, the use of esophageal manometry has become important for personalization and
optimization of mechanical ventilation in patients with ARDS. Esophageal manometry estimates pleural
pressures, and can be used to differentiate the chest wall and lung (transpulmonary) contributions to the total
respiratory system mechanics. Elevated pleural pressures may result in negative transpulmonary pressures at
end expiration, leading to lung collapse. Measuring the esophageal pressures and adjusting PEEP to make
transpulmonary pressures positive can decrease atelectasis, derecruitment of lung, and cyclical opening and
closing of airways and alveoli, thus optimizing lung mechanics and oxygenation. Although there is some
spatial and positional artifact, esophageal pressures in numerous animal and human studies in healthy, obese
and critically ill patients appear to be a good estimate for the “effective” pleural pressure. Multiple studies
have illustrated the benefit of using esophageal pressures to titrate PEEP in patients with obesity and with
ARDS. Esophageal pressure monitoring provides a window into the unique physiology of a patient and helps

improve clinical decision making at the bedside.
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Introduction

Application of basic physiologic principles has
revolutionized the treatment of patients with acute
respiratory distress syndrome (ARDS). Current standard
of care limits tidal volumes (V) to 6 cc/kg, keeps end-
inspiratory plateau pressures below 30 cmH,O and provides
adequate positive end expiratory pressures (PEEP) to keep
the lung open (1-6). At this time there remains no consensus
as to the best method to determine optimal PEEP for a
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patient despite the importance of this intervention (7,8).
The use of esophageal manometry has helped form the
foundation of our current understanding of pulmonary
pathophysiology (9-12), and over the last two decades has
moved from basic physiology research to clinical care in the
intensive care unit, allowing optimization of PEEP levels
(13,14). Esophageal pressures (Pgs) serve as an estimate of
pleural pressures (Pp;), thus differentiating the mechanics
of the lung itself (transpulmonary pressure—P;) from
the chest wall (including the rib cage, diaphragm and
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abdomen—~Py) (10-12). As ventilator induced lung injury
is caused by the distending pressures applied to the lung
itself, with highly variable chest wall characteristics among
patients, controlling airway pressure alone is inadequate
and potentially harmful. Esophageal manometry allows for
a more personalized approach to ventilator management
and has become routinely used in patients with ARDS
where precise and careful differentiation of chest wall and
lung pressures and optimization of the ventilator may lead
to improved mechanics, oxygenation and outcomes (13,14).
In particular esophageal manometry used to estimate
transpulmonary pressures has become used to set the
positive end-expiratory pressures (PEEP).

Optimal PEEP is thought to balance several important
principles; avoiding overly high pressures which could
overdistend the lung causing barotrauma, inflammation
and hemodynamic compromise (15-17), while improving
oxygenation and mechanics by preventing lung
derecruitment (collapse), increasing functional lung
volumes, decreasing cyclic opening and closing and the
airways (shear stresses from atelectrauma) (15-17). Although
the “open lung” strategy (characterized by a recruitment
maneuver and decremental PEEP titration strategy) has
recently been challenged after a study revealed an increase
in mortality, this study did not use PEEP titration to
esophageal pressures, and used a non-standard recruitment
maneuver strategy (18). As such, this study likely has
minimal implications on the real world application of “open
lung” strategies aiming to prevent derecruitment, especially
in regards to the use of esophageal manometry to set PEEP.

As negative transpulmonary pressure may lead to lung
or airway collapse, adjusting PEEP to achieve positive end-
expiratory transpulmonary pressures prevents collapse
and optimizes lung mechanics (13,14,19-21). Esophageal
pressure measurements thereby serve several purposes in
ARDS. First, these measurements can be used to adjust
PEEP to counter the baseline elevated pleural pressures
found in patients with obesity, elevated abdominal pressures
and critical illness that would otherwise result in negative
transpulmonary pressures and lung collapse. Second,
transpulmonary measurements may be used monitor for
lung overdistension and to account for the stiffened chest
wall during tidal breathing which may impact forces across
the lungs. Additionally, other uses of Pgg in the ICU include
monitoring of dyssynchrony, estimation and adjustment
for auto-PEEP and assisting with weaning, but have been
covered in depth in other reviews (22-25).

Although the tidal fluctuations in Pyg (APgs) are widely
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agreed to represent the changes in pleural pressure for
estimation of the lung and chest wall compliance, the
interpretation of the actual pressure values (also known
as the “absolute” pressures) measured by esophageal
manometry have caused some disagreement and controversy
(26-34). This debate has led further to differences in
clinical application as both new definitions and incorrect
assumptions have clouded the discussion (32). As such,
this article will review the evidence for using the actual
value of esophageal pressure to estimate pleural pressures
as well as the background, rationale and evidence for use
of esophageal manometry to set PEEP for clinical care
in patients with ARDS, while addressing some of the
controversies associated with this subject.

Pressure definitions and rationale for use

The definitions of the relevant pressures were first described
by classic respiratory physiologists in the 1950’ (9,10,35),
and it is important to define and understand these pressures
when reviewing the literature as there have been several
misconceptions introduced which obfuscate the correct
application and interpretation. As we have previously
reviewed (22), the pressure across the respiratory system
(Pgs) is defined as the difference between the pressure
at the airway (P,o) and body surface (Pys) (Pgs = Pyo -
Pys). The pressure difference across the lung is called the
transpulmonary pressure (Pp) and is the difference between
P.o and pleural pressure (Pp;) (P = Pyo — Ppp). Finally
the pressure across the chest wall (Pcy) is defined as the
Py, minus Py (Pew = Py, - Pig) (11). Esophageal balloon
pressures (Pgs) represent central thorax pressures but
despite some regional and positional variability have been
determined to be a good surrogate for average “effective”
pleural pressures as we will review (36-40).

Critically ill patients frequently have elevated pleural
pressures due to abdominal distension, abdominal
hypertension, pulmonary and chest wall edema and
pleural effusion (Figure 1) (13,40,41). Particularly in the
heterogeneously injured lung, these elevated pleural
pressures may be higher than the local alveolar and airway
pressures causing regions of lung collapse. Collapse,
caused from negative transpulmonary pressures, can lead
to decreased aeration, worsened oxygenation and worsened
pulmonary mechanics with decreased functional lung
size secondary to closed airways and flooded lung units.
The elevated pleural pressures causing this collapse can
be detected and measured as an elevated Py and negative
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Figure 1 Pressure and volume tracings from a patient with elevated pleural pressures. (A) Airway pressure (P,.) measuring total respiratory
system pressure. End-inspiratory hold pressure (plateau) and end-expiratory pressure hold (PEEPtotal) are shown. Respiratory system
driving pressure (APgs) was calculated as the plateau pressure minus the PEEPtotal; (B) esophageal pressure (Pgs) estimates the trans-
chest wall pressure. Chest wall driving pressure (APcy) was calculated as the end-inspiratory hold Pgg minus end-expiratory hold Pgg; (C)
transpulmonary pressure (P;) was calculated as Pyo minus Pgg. Transpulmonary driving pressure (AP;) also known as the cyclical stress was
calculated as the end-inspiratory hold P;, minus the end-expiratory hold PL; (D) lung volumes during tidal breathing and during expiratory
and inspiratory holds; (E) pressure-volume (P-V) curves during tidal breathing with P-V measurements following respiratory system
pressures (P,o), transpulmonary pressures (Pr), and chest wall pressures (Pgs). Dotted lines represent the static compliance of the respiratory
system and lung as measured by the slope between end-inspiratory holds and end-expiratory holds (stars on the graphs). Arrows indicate the

direction of the inspiration and expiration.

P, (Figure 1). Our group and others have noted that sensors in non-dependent, mid-thoracic and dependent
transpulmonary pressures were frequently negative at end- lung regions, and testing at multiple levels of PEEP and
expiration in patients with ARDS (13,40). As this suggests tidal volumes Pelosi e 4/. found that mid thoracic Py
that airway collapse or flooding has prevented alveolar closely matched measured Pgg at low lung volumes (38).
pressures from equilibrating with airway pressures, it was Additionally as expected they confirmed overestimation
inferred that PEEP could be adjusted above these closing of pleural pressures in the non-dependent regions (by
pressures (measured by Pyg) to keep airways open at end- roughly 7 emH,0) and underestimation of pleural
expiration. pressures I the non-dependent regions (by roughly
4 cmH,0) (38).

The dependent and non-dependent variation that Pelosi

Evidence supporting use of the actual value of and others have confirmed has led to some confusion in

Pes application as there is no single value of pleural pressure.
The use of Py to estimate Py has been well established Furthermore, as lung collapse or spatial distortion of the
in human and animal studies over the past seventy years chest wall may cause local changes in Py, there was some
(9,10,35). Animal studies in the 1970s using direct pleural concern about using Pgg as a global average for Pp;. These
pressure assessment suggested that Pgg closely mirrored the concerns were investigated in a model of chest wall and
lateral mid-thoracic pressures during direct measurement (42). lung distortion in rats and confirmed that Pyg could be
More recent animal studies have confirmed these findings used to estimate average Py in both normal and deformed
in a canine ARDS model to examine the relationship lungs (39). Similarly in patients with acute lung injury, Pgg
between measured esophageal pressures and directly was used to infer an average (or effective) transpulmonary
measured pleural pressures (38). Using wafer pressure pressure in a physiology experiment measuring gastric,

© Annals of Translational Medicine. All rights reserved. atm.amegroups.com Ann Transl Med 2018;6(19):390



Page 4 of 10

bladder, esophageal pressures and transpulmonary pressures
(20,40). More recently, Yoshida et a/. showed in both
pigs and human cadavers, that expiratory and inspiratory
transpulmonary pressures using Py closely reflected the
values obtained via direct measurement of the pleural
pressures in dependent and mid lung zones (36). Pys was
measured over a wide range of PEEP levels with Py
simultaneously measured in non-dependent and dependent
regions of the pleura. These data lend further support
to using the actual value of Py as a surrogate for Py, as
the best correlation seems to be in regions of lung most
sensitive to collapse at end expiration (36).

Although the actual value of Py does seem to reflect
measured Py, the relationship between Pgg and Ppp was
initially described in upright, spontaneously breathing
patients in the study of classic respiratory physiology (11).
When patients are moved into the supine position (as are
our critically ill ARDS patients), the balloon sits directly
under the weight of the mediastinum, and abdominal
contents push upwards against the diaphragm raising
the measured value of Pgs (37). Roughly 3-7 cmH,O of
additional pressure is thought to be due to positioning when
correcting the Py to estimate the effective Py, with the
supine position causing increased pressure from a decrease
in lung volume and the shift in mediastinal weight (37).
As such we usually consider this to cause on average a
5 ¢cmH,O artifact in our measurements. This estimated
artifact is in agreement with a recent study comparing
ex vivo measurements pre-lung transplant with in vivo
measurements of the same lungs post-transplant (43). This
elegant study found Py, was roughly 5 cmH,O less than the
measured Pgg which if used clinically would provide roughly
5 emH,0 additional transpulmonary pressure if PEEP was
titrated to equal the measured Py (44).

Lastly there has been some concern about the validity
of Py, due to the frequently positive values measured
(7,28-30,33). Some have worried that this would not be
compatible with an open lung, and their concern led to
an alternative calculation of P,. This alternative is the
“elastance based” method of calculating Py [Py = Pyo x
lung elastance (E;)/respiratory system elastance (Egs)] (26).
APyg during tidal breathing is used to estimate AP,
and then calculate E; as AP;/V;. The “elastance based”
technique assumes pleural pressure at end expiration to
be zero (atmospheric) when airway pressure is zero (26).
This alternative definition measures the cyclical stress
(AP;) during tidal breathing, but does not account for the
baseline Py, which may be widely variable and is usually
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not equal to atmospheric pressures. As pleural pressures are
often very elevated (due to obesity, abdominal pathologies
causing elevated pressures or edema/effusions), assuming
a pleural pressure of zero in this alternative approach is
clearly incorrect (32) and will result in significantly different
estimations of transpulmonary pressures (31).

In patients with obesity or elevated abdominal pressure,
a larger pressure is needed to displace the diaphragm and
abdomen during inflation. This is because the pressure
volume curve of the chest wall is shifted to higher pressures,
but not necessarily because the chest wall has become less
compliant (32). Therefore in the supine position the absolute
lung volumes and PL can be significantly lower than in
normal patients. Importantly, positive pleural pressures
(and hence negative P;) do not need to be compatible with
an open lung as elevated Pp; may cause airway collapse
preventing communication of alveoli with the upper airway
(gas trapping) at end expiration (32). Py, and alveolar
pressure (P,;y) may be substantially increased above
atmospheric pressure at end expiration secondary to small
airway collapse in obese patients or alveolar flooding in acute
respiratory distress syndrome (ARDS). Indeed Behazin ez 4.
showed that airway pressures must often be raised until
greater than the measured Py in order for inspiratory
flow and volume gain to begin in obese patients (40).
They also showed a positive correlation between the Pggat
relaxed volume and the airway pressure needed to initiate
flow further illustrating this relationship (40). Additionally
our own unpublished data using slow-flow pressure-volume
(PV) loops and trials of zero PEEP in patients with obesity
and abdominal pathologies emphasizes this point (Figure 2).
The figure illustrates that there is zero flow or volume gain
from the initiation of the PV loop when airway pressure
is zero until the pressures overcome the elevated Py (as
measured by Pgg). In these same patients, while on zero
PEEP, we often measure substantial intrinsic positive end-
expiratory pressure (PEEPi) during expiratory breath holds.
This PEEPi is close in value to both the measured P
during holds and the airway pressure required to overcome
pleural pressure on the PV loop and appear to be caused by
elevated Py causing airway collapse (Figure 2). In further
agreement with these findings, Fumagalli ez 4/. used electric
impedance tomography to show that lung collapse begins
when Pgg approaches and then overcomes the airway
pressures leading to low-negative P, (41).

In conclusion, despite the minor limitations illustrated
with positional gravitational artifact, Pys seems to be a
good estimate for the “effective” Py in multiple human
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Figure 2 Slow flow pressure-volume loops and time tracings from a study patient with acute respiratory distress syndrome. (A) Pressure-

volume loop of study patient. There was no flow or volume increase until roughly 7.5 cmH,O airway pressure. In order to generate flow,

the airway opening pressure must be greater than the pressure within the lungs which appears to be roughly 7-7.5 cmH,O. This pressure

within the lungs appears to be secondary to elevated pleural pressures; (B) in the same patient wave forms were recorded with zero PEEP

which shows that during end-expiratory occlusion, the PEEP1 is roughly 7.5 cmH,O, secondary to elevated esophageal pressure of roughly

9.5 emH,O causing airway collapse. Patient had normal lungs at baseline without COPD or asthma with normal resistance.

and animal studies in normal patients, the obese, and
patients with ARDS. The inaccuracies in estimating Py
from Pyg in an individual patient appear minor compared
with the differences in Pgg between different patients.
Additionally positive Pgg values in some patients appear to
not be “artifact” as some have claimed, but to actually be
another valuable piece of clinical information that should
not be ignored or discounted (20). Proper inflation (45),
and balloon placement (46) are needed for correct
interpretation, but these can be easily learned for proper
implementation (47).

Evidence supporting the use of P, to set PEEP

If we can accept that the actual value of the Pgg reflects
an “effective” Ppp, than the benefit for using these values
clinically becomes obvious. As we have previously illustrated
the goal of PEEP is to prevent derecruitment, maintain
alveolar aeration and improve the functional size of the
“baby lung”. If pleural pressures are higher than the applied
PEEP producing a negative end-expiratory transpulmonary
pressure (Figure 3), this will encourage collapse in midzone
and dependent lung regions. Elevated pleural pressures
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are found for numerous reasons including edema, pleural
effusions, elevated abdominal pressures from obesity and
abdominal pathologies with pressures transmitted across the
diaphragm, and increasing PEEP to match these pressures
(Figure 3) will improve this lung collapse. In fact, Malbrain
et al. found that the majority of patients in the ICU had
elevated abdominal pressures (57% had pressures greater
than 16 cmH,0, and 21% were over 21 ¢cmH,0) (48).
Unfortunately there does not appear to be a consistent way
to estimate which patients have elevated Py to determine
who would empirically benefit from higher levels of PEEP.
Indeed our group found a significant number of patients
with elevated end-expiratory pleural pressures (17.5 emH,O
on average) without significant correlation to either body
mass index or chest wall elastance (13). While there was
correlation between PEEP and end-expiratory Py, only
24% of the variance was explained by airway pressures while
52% of the P, variance was due to Pyq (13).

After discovering the frequency of elevated pleural
pressures in the critical ill and without a clear method to
differentiate empirically, a randomized controlled trial to
further investigate the routine use of esophageal manometry
in patients with ARDS was initiated. Talmor and colleagues
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Figure 3 A study patient with obesity and volume overload. Waveforms were collected at zero PEEP initially where significant intrinsic

PEEP is noted to 8 cmH,O. Esophageal pressures are elevated to 12 ¢cmH,O resulting in a negative transpulmonary pressure that encourages

collapse. PEEP was adjusted to 12 cmH,O until the total PEEP matched the measured esophageal pressures resulting in transpulmonary

pressures greater than zero. PEEP, positive end expiratory pressure.

in 2008 published a single center randomized controlled trial
comparing standard of care lung protective ventilation with
a strategy of titrating PEEP to achieve a positive P, (14).
This strategy resulted in significantly higher levels of
PEEP, improved oxygenation and compliance, and a strong
trend towards improved survival and shorter duration
of mechanical ventilation when compared with standard
ARDSnet ventilation strategies (Figure 4) (14). Titrating
PEEP to a positive P; may have prevented significant
end-expiratory collapsing pressures, increased the size of
functional lung, reduced cyclical opening and closing of the
lung (atelectrauma), improved oxygenation, and prevented
ventilator induced lung injury. This study remains the
largest and best quality study to date, but is currently being
repeated as a large multicenter study (19). The rationale
for following the actual Pyg values to set PEEP was tested
again in an animal study using surfactant depleted rats (21).
The investigators found that a strategy targeting positive
end-expiratory P; maintained lung volumes, improved
compliance, reduced hypoxemia and pulmonary edema
and decreased pro-inflammatory mediator release as
well as histological evidence of ventilation induced lung
injury (VILI) (21). Interestingly another study found that
optimal PEEP was the same when titrated to either zero-
transpulmonary pressure or to optimal intratidal gas
distribution on electric impedance tomography (EI'T) which
might suggest that maintaining a positive end-expiratory Py
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prevents lung collapse and improves ventilation (49).

Several other recent studies further support these
concepts focusing on the effects of transpulmonary
pressure monitoring in obesity (41,50). Using both obese
human patients as well as a swine model for obesity, it
was discovered that low to negative transpulmonary
pressures measured using the actual values of Py predicted
lung collapse and intratidal opening and closing (41).
Additionally this same group showed that PEEP titrated
to transpulmonary pressures resulted in similar PEEP that
was titrated to best PEEP determined by decremental
PEEP trial (50). Additionally titrated PEEP (preceded by a
recruitment maneuver) resulted in improved lung volumes,
oxygenation and respiratory system elastance (50). To lend
further support to application in the obese, this group
presented an interesting case report using these strategies
to help extubate a difficult to wean morbidly obese patient,
further illustrating the clinical application (51). Applying
higher levels of PEEP to match and counterbalance high
levels of intrinsic PEEP often seen associated with obesity
may result in reducing work of breathing and preventing
both atelectasis and tidal recruitment-derecruitment. As we
know that it is the pleural pressure that increases in these
patients and not the actual stiffness of the chest wall, when
individualizing PEEP to a patient it is clearly inappropriate
to rely only on measurements of elastance as is done with
the “elastance-based” method (32).
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Figure 4 Figure borrowed from paper by Talmor et 2/. (14) comparing standard ARDSnet ventilation based upon low PEEP tables, with a

strategy adjusting PEEP to target a positive end-expiratory transpulmonary pressure. The approach using esophageal pressures resulted in (A)

improved P/F ratio, (B) improved respiratory system compliance, and (D) higher levels of PEEP. Additionally the strategy titrating PEEP

via esophageal pressures showed a strong trend towards improved mortality.

Of note, the alternative “elastance-based” method for
P, estimation has also been used to set PEEP and guide
treatment, but there is only very limited clinical data
supporting its use. In a report by Grasso and colleagues in
patients with severe ARDS due to influenza during the 2009
HINI epidemic, clinicians used the elastance-based method
to avoid ECMO in seven patients with severe hypoxemia (52).
In this report, they raised PEEP beyond levels that had
previously been considered safe using elastance-based
Py (52). Although there have been several physiology based
review articles endorsing the “elastance-base” technique
there is in fact very little clinical evidence to support this
alternative definition. Directly comparing the traditional
approach to this alternative found vastly different
estimations of transpulmonary pressures (31) which would
lead to substantial differences in clinical care, and the issues
with this alternative approach have been addressed at length
in other articles (32). As such we cannot at this time support
clinical application of the “elastance-based” technique.

Using P to limit overdistension

An additional benefit to titration of PEEP based on Py, is
the improved ability to monitor and limit both cyclic and
total overdistension of the lung. It has been suggested that

© Annals of Translational Medicine. All rights reserved.

respiratory system driving pressures may the best predictor
for mortality in patients with ARDS (53), and our group
proposed that the most component of these findings may be
in specifically limiting the distending pressures or cyclical
stress across the lungs (the transpulmonary driving pressure
(AP;) (54). We tested this hypothesis retrospectively and
found that survivors had decreased transpulmonary driving
pressure (55). A AP of 20 ecmH,0O has been shown to
raise healthy lungs to its total lung capacity (TLC) and
continuous ventilation at TLC in animal models can lead
to lethal ventilator induced lung injury (56). It has been
suggested APL be kept less than 10-12 cmH,O to prevent
lung injury (23), as inhomogeneous lung can significantly
increase local stress raiser (more than doubling or tripling
local pressure) (12,57). Additionally, total lung stress (the
APy, additive to the static stress at end-expiratory Py ) should
likely be limited to less than 20-25 ¢cmH,O. Limiting
this static stress may decrease overdistension and prevent
ventilator induced lung injury by keeping the total strain
<2 (58). Using Py to set PEEP allows for the additional
benefit of monitoring both the cyclical stress and total
stress and assuring that the PEEP is not resulting in overly
high pressures. With widely variable chest wall pressures
and elastance, we cannot predict if we are reaching these
thresholds without the use of an esophageal balloon.
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Conclusions

As illustrated, Pgg clearly can be used to estimate “effective”
pleural pressures, and there appears to be good clinical
evidence for using this to set PEEP in patients with ARDS.
Despite this clear clinical utility, there have been several
barriers to widespread clinical adoption in setting PEEP
levels. The introduction of the alternative “elastance-
based” method to define P; and Py in the clinical and
research literature has led to confusion and disagreement
in application. The incorrect application of these principles
may lead to variable or even harmful outcomes for patients.
The application of Pgg to set PEEP levels relies upon
complex physiologic principles which may discourage
routine use without proper education. Although in our
experience, esophageal balloon use is easily learned, proper
technique in placement and interpretation is required for
successful use. Of note however Norisue er a/. showed in
a recent paper that clinician education easily improves the
ability to utilize Pyg measurements and suggests that more
widespread application would be easy to implement.

Despite these hurdles, esophageal manometry following
Py as a surrogate for Py, is easy to use and has extensive
application in patient with ARDS to help improve PEEP
titration. Monitoring transpulmonary and chest wall
pressures uncovers the unique physiology of a given patient,
personalizing care and potentially improving the patients’
outcomes. Using transpulmonary pressures to set PEEP
levels may prevent derecruitment, prevent lung collapse,
decrease atelectrauma caused by tidal recruitment and
derecruitment, improve oxygenation, and improve lung
mechanics and ventilator induced lung injury. Use of Pgg
to target PEEP may allow for clinicians to deliver higher
pressures than would not routinely be given while assuring
that the lungs are not being overdistended with resulting
barotrauma. Only a few interventions in ARDS have
demonstrated benefit for patients, and these benefits have
primarily been due to improved understanding of basic
respiratory physiology. Use of the esophageal balloon for
clinical care furthers our understanding of a patient’s unique
pathophysiology providing a more personalized approach to
our critically ill patients.
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