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Introduction

The use of esophageal manometry in
respiratory physiology has formed the
foundation of current understanding
of pulmonary pathophysiology [1-3].
Esophageal manometry simplifies the
estimation of pleural pressures, allowing
physiologists and clinicians to differen-
tiate between the effects of the chest
wall (including the rib cage, diaphragm,
and abdomen) and the lung itself [1-3].
Despite the extensive use of esophageal
manometry in research, clinical adop-
tion has been less universal. In the era
of personalized medicine however, clin-
icians have gained interest in esophageal
manometry to better titrate care to the
unique physiology of a patient. Addi-
tionally, clinical application has become
straightforward with multiple balloon
catheter options and elegantly designed
ventilators. This article reviews the use of
transpulmonary pressure monitoring in
clinical applications within the intensive
care unit.

Basic concepts and definitions

Pressure definitions

The pressure across the respiratory sys-
tem (Pgs) is defined as the difference be-
tween the pressure at the airway (Pao)
and bOdy surface (PBS) (PRS = PAO - Pgs)
[2]. The pressure difference across the
lung is called the transpulmonary pres-
sure (PL) and is the difference between
Pao and pleural pressure (Ppi) (P =Pao -
Pp1) [2]. Finally the pressure across the
chest wall (Pcw) is defined as the Pp; mi-
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nus Pgs (Pcw = Pp1 - Pss) [2]. Esophageal
balloon pressures (Pg;) represent central
thorax pressures and may underestimate
Pprindependentlungregionsand overes-
timate Pp; in less dependent regions. The
correlation between Pk, and Pp; was ini-
tially described in upright, spontaneously
breathing patients. When moved into the
supine position, the balloon sits directly
under the weight of the mediastinum,
and abdominal contents push upwards
against the diaphragm raising the mea-
sured value of Pgs. However, knowledge
of the effects of position [1, 4], lung dis-
ease asymmetry, chest wall distortion [5],
and other factors remains limited. Tra-
ditionally, roughly 3-7 cmH,O of addi-
tional pressure is thought to be due to
positioning when correcting the Pgs to
estimate the Ppr. [4] with the supine po-
sition causing increased pressure from
a decrease in lung volume and the shift
in mediastinal weight. Indeed, a recent
study comparing ex vivo measurements
pre-lung transplant with in vivo measure-
ments of the same lungs post-transplant
found Pp was ~5 cmH,O different from
Pgs [6]. Despite these minor limitations,
Pgsinanimal and human studies hasbeen
thought to represent a reasonable esti-
mate for average Ppi and may be used in
substitution to easily calculate the Py for
clinical and research use ([5]; @Fig. 1).

“Elastance-based” transpulmonary
pressure calculation

With concerns that high Pg, and conse-
quently negative P, values were incom-
patible with an open lung, an alternative
calculation of Py has been introduced
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[7-12]. This alternative is the “elastance-
based” method of calculating Py (PL =
Pao * lung elastance[EL]/respiratory sys-
tem elastance[Ers]). This method uses
APg; during tidal breathing to estimate
APy and then calculate E; as AP/tidal
volume. The elastance-based technique
assumes pleural pressure at end expira-
tion to be zero when airway pressure
is zero, and there is ongoing debate as
to which technique is ideal [13]. The
elastance-based definition measures the
APy during tidal breathing (the cycli-
cal stress), but does not account for the
baseline P, which may vary widely. Pp
and Pary may be substantially increased
above atmospheric pressure at end ex-
piration secondary to small airway col-
lapse in obese patients or alveolar flood-
inginacute respiratory distress syndrome
(ARDS )[13]. Indeed, the authors’ own
unpublished data studying obese patients
using slow-flow pressure-volume (PV)
loops and trials of zero positive end ex-
piratory pressure (PEEP) emphasizes this
point (B Fig. 2). As illustrated in the fig-
ure, thereisno evidence of flow or volume
gain from the start of the PV loop (when
airway pressures are zero) until the air-
way pressures have increased sufficiently
toovercome the elevated pleural pressure.
In these same patients (in whom there
is no evidence of obstruction) while on
zero PEEP, we measured substantial in-
trinsic positive end-expiratory pressure
(PEEPi) during expiratory breath holds
that is roughly equal to both the mea-
sured Pgg during holds and the airway
pressure required to overcome pleural
pressure on the PV loop. These findings
appear to be the result of elevated Pp
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Fig. 1 A Pressure and volume tracings from a patient with elevated pleural pressures.a Airway pressure (Pao) 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 (Pes) estimates the trans-chest wall pressure. Chestwall driving pressure (APcw) was calculated as the end-inspiratory
hold Pes minus end-expiratory hold Pes. c Transpulmonary pressure (P1) was calculated as Pao minus Pes. Transpulmonary
driving pressure (APL),alsoknown as the cyclical stress, was calculated as the end-inspiratory hold PLminus 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 (Pao), transpulmonary pressures (Py),
and chest wall pressures (Pes). 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

inspiration and expiration (from [24])

causing airway collapse (8 Fig.2). In the
sickest patients where accuracy in clini-
cal decision making is paramount, using
the absolute transpulmonary pressure or
the elastance-based method in clinical
practice may lead clinicians to set very
different PEEP on the ventilator with un-
clear outcomes [13, 14].

Esophageal manometry in
clinical practice

Using Pes to prevent lung collapse
in ARDS

Esophageal manometry is frequently
utilized to titrate PEEP in patients with
ARDS. Critically ill patients often have
elevated pleural pressures secondary to
pulmonary and chest wall edema, pleu-
ral effusions, and abdominal distension
[15-18]. In a heterogeneous lung, these
elevated pleural pressures may cause
regions of lung collapse leading to de-
creased aeration, worsened oxygenation,
and worsened compliance with decreased

functional lung size secondary to closed
airways and flooded lung units. This
collapsing pressure can be detected and
measured as an elevated Pg, and nega-
tive Pr. In 2008, Talmor and colleagues
published a single-center randomized
controlled trial testing a ventilator strat-
egy of titrating PEEP to achieve a positive
Py [18]. Titrating PEEP to a positive Py,
may have prevented significant end-ex-
piratory 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 [18]. This strategy resulted in
significantly higher applied PEEP, im-
proved oxygenation and compliance, and
astrong trend towards improved survival
and shorter duration of mechanical ven-
tilation compared with standard low tidal
volume lung protective ARDSnet venti-
lation strategies [18]. An animal study
using surfactant-depleted rats agreed
with the rationale behind this study,
finding that a strategy targeting posi-
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tive end-expiratory P maintained lung
volumes, improved compliance, reduced
hypoxemia and pulmonary edema, and
decreased pro-inflammatory mediator
release as well as histological signs of
ventilation-induced lung injury (VILI)
[19]. The newer multi-center random-
ized controlled trial uses higher PEEP
in control patients to better replicate
current clinical practices [20]. Deter-
mining the “best PEEP” for a given
patient has remained challenging with
no clear best strategy or technique, and
esophageal manometry provides an easy
and straightforward solution.

The elastance-based method for Py es-
timation has also been used to set PEEP
and guide treatment. In a report by
Grasso and colleagues in patients with
severe ARDS due to influenza [21], clin-
icians used the elastance-based method
to avoid ECMO in seven patients with
severe hypoxemia, raising PEEP beyond
levels that had previously been consid-
ered safe using elastance-based transpul-
monary pressure.
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Abstract

Esophageal manometry has traditionally
been utilized for respiratory physiology
research, but clinicians have recently found
numerous applications within the intensive
care unit. Esophageal pressure (Pgs) is

a surrogate for pleural pressures (Ppy), and
the difference between airway pressure (Pao)
and Pgs provides a good estimate for the
pressure across the lung also known as the
transpulmonary pressure (P.). Differentiating
the effects of mechanical ventilation and
spontaneous breathing on the respiratory
system, chest wall, and across the lung
allows for improved personalization in clinical
decision making. Measuring Py in acute

Med Klin Intensivmed Notfmed 2018 - 113 (Suppl 1):513-520

Esophageal pressure: research or clinical tool?

respiratory distress syndrome (ARDS) may help
set positive end expiratory pressure (PEEP)

to prevent derecruitment and atelectrauma,
while assuring peak pressures do not cause
over distension during tidal breathing and
recruitment maneuvers. Monitoring P allows
improved insight into patient-ventilator
interactions and may help in decisions to
adjust sedation and paralytics to correct
dyssynchrony. Intrinsic PEEP (auto-PEEP) may
be monitored using esophageal manometry,
which may also improve patient comfort

and synchrony with the ventilator. Finally,
during weaning, Pes may be used to better
predict weaning success and allow for

https://doi.org/10.1007/s00063-017-0372-z

rapid intervention during failure. Improved
consistency in definition and terminology
and further outcomes research is needed

to encourage more widespread adoption;
however, with clear clinical benefit and
increased ease of use, it appears time to
reintroduce basic physiology into personalized
ventilator management in the intensive care
unit.

Keywords
ARDS - Esophageal manometry - Transpulmo-
nary pressure - Dyssynchrony - Weaning

Zusammenfassung

in Studien zur Atmungsphysiologie einge-
setzt, in den zurlickliegenden Jahren hat sie
zunehmend Eingang in die Intensivmedizin
gefunden. Der Osophagusdruck (Ps) ist ein
Surrogatparameter fiir den Pleuradruck (Pp)).
Die Differenz zwischen Atemwegsdruck (Pao)
und P ist ein guter Schatzwert fiir den Druck
im Lungengewebe, auch transpulmonaler
Druck (PL) genannt. Die Differenzierung der
Effekte von Beatmung und Spontanatmung
auf den Atmungsapparat, die Brustwand und

sche Entscheidungsfindung. Die Messung des
PL beim ,acute respiratory distress syndrome”
(ARDS) konnte die optimierte Einstellung
des positiven endexspiratorischen Drucks

Traditionell wurde die Osophagusmanometrie

die Lunge erlaubt eine individualisiertere klini-

Osophagusdruck: Forschungswerkzeug oder klinisches Instrument?

(PEEP) zur Vermeidung einer Derekrutierung
und damit der moglichen Entstehung eines
Atelektraumas erleichtern, wahrend sie gleich-
zeitig sicherstellt, dass die Spitzendriicke bei
Ruheatmung und bei Rekrutierungsmanévern
keine Uberbldhung verursachen. Die
Uberwachung des Pes erméglicht bessere
Einblicke in die Interaktionen zwischen
Patient und Beatmungsgerat und konnte bei
der Entscheidung tiber die Anpassung von
Sedierung und Relaxierung zur Synchroni-
sierung von Patient und Beatmungsgerat
helfen. Der intrinsische PEEP (Auto-PEEP)
kann mithilfe der Osophagusmanometrie
iberwacht werden, auch damit konnten der
Patientenkomfort und die Synchronizitat mit
dem Beatmungsgerét verbessert werden.

Zuletzt kann der Pgs wéhrend des Weanings
herangezogen werden, um den Weaning-
Erfolg besser vorhersagen zu kénnen und

im Versagensfall ein schnelles Einschreiten
zu ermdglichen. Die Vereinheitlichung von
Definitionen und Terminologie sowie weitere
Outcome-Forschung sind erforderlich, um
eine breitere Anwendung zu erreichen.
Angesichts des klaren klinischen Nutzens und
der vereinfachten Anwendung erscheint es an
der Zeit, Grundlagen der Physiologie fiir ein
personalisiertes Beatmungsmanagement auf
der Intensivstation nutzbar zu machen.

Schliisselworter
ARDS - Osophagusmanometrie - Transpulmo-
naler Druck - Dyssynchronie - Entwdhnung

Pes use to limit cyclical and
total stress to prevent VILI and
overdistension

The clinical importance of respiratory
system driving pressure was suggested in
a large retrospective analysis performed
by Amato et al., finding that driving pres-
sure may the best predictor for mortality
in patients with ARDS [22]. The authors’
group proposed that the most important
aspect of these findings may be in lim-
iting the distending pressures or cycli-
cal stress across the lungs (the transpul-
monary driving pressure [AP]; [23]).

We tested this hypothesis retrospectively
and found that survivors had decreased
transpulmonary driving pressure [24].
We know that a APy, of 20 cmH,O raises
a healthy lung into its total lung capac-
ity and that continuous ventilation with
these volumes in animal models leads
to lethal VILI [25]. As inhomogeneous
lung injury can dramatically increase lo-
cal stress (more than doubling local pres-
sure) [26, 27], it has been suggested that
APy be kept below 10-12 cmH,O to pre-
vent lung injury [28]. Additionally, it
is suggested that total lung stress (cycli-
cal stress, AP, added to end-expiratory
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P.) be limited to less than 20-25 cmH,0O
to decrease overdistension and prevent
VILI by limiting total strain to <2 [28,
29]. With widely variable chest wall pres-
sures and elastance, we cannot predict
whether we are reaching these thresh-
olds of cyclic and total stress without
the use of an esophageal balloon. Al-
though we need further research to cor-
roborate these assumptions, strong cir-
cumstantial evidence suggests that the
use of esophageal balloons to calculate
APy, can improve patient safety and per-
sonalization of ventilator settings.
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Fig. 2 A aPressure—volumeloop of study patient. There was no flow or volumeincrease until roughly 7.5 cmH,0O airway pres-
sure. In order to generate flow, the airway opening pressure must be greater than the pressure within the lungs, which ap-
pears to be roughly 7-7.5 cmH,0. 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 PEEPi is
roughly 7.5 cmH>0, secondary to elevated esophageal pressure of roughly 9.5 cmH0 causing airway collapse. The patient
had normal lungs at baseline without COPD or asthma with normal resistance

Assessment of ventilator
synchrony and spontaneous
efforts

Ventilator dyssynchrony has gained
increased attention as these episodes
can be associated with worsened hy-
poxemia, increased workload on the
respiratory muscles, discomfort, car-
diovascular compromise[30], as well
as increased ICU stay[31] and mor-
tality [32]. There is also increasing
concern that dyssynchrony may cause
large transpulmonary pressure swings
and inappropriately large tidal volumes
that may be especially harmful in criti-
cally ill patients that are receiving lung-
protective ventilation [33]. While some
dyssynchrony is obvious while measur-
ing Pao alone, the type and severity of an
event is often missed or underestimated
if not measuring P, (B Fig. 3).

Double triggering and reverse trig-
gering are commonly observed phe-
nomenon that can be distinguished by
using esophageal manometry to measure
swings in Pgs [33]. Double triggering

occurs when a patient has a respiratory
drive/effort greater than the support
delivered on the ventilator. The patient
has persistent inspiratory effort at the
termination of the ventilator-delivered
breath which triggers an immediate sec-
ond breath delivered by the machine.
Alternatively, reverse triggering (due
to entrainment) occurs as a reflexive
diaphragm contraction in response to
a ventilator-delivered breath, which trig-
gers a second breath prior to exhalation
of the initial breath ([34]; B Fig.3). Dou-
ble triggering and reverse triggering both
lead to significantly larger tidal volumes,
large transpulmonary pressure swings
and peak pressures, as well as incorrect
plateau pressure measurements. The im-
portance of this differentiation using Pg
monitoring is emphasized as double trig-
gering improves with increased sedation,
while, in contrast, reverse triggering may
actually improve by decreasing sedation
levels. As such, the use of an esophageal
balloon may allow for improved sedation
titration or even help in the decision to
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paralyze a critically ill patient with severe
hypoxemia.

While spontaneous breathing may be
well tolerated in patients with less severe
lung injury, in severe ARDS, these ef-
forts may be harmful, which has been
suggested from the survival benefit of
paralytics [35, 36]. The combination of
large inspiratory efforts added to the ven-
tilator-assisted breaths may lead to large
swings in Pp and/or larger than desired
tidal volumes leading to overdistension.
Similarly, active expiratory efforts may
counter the benefits from PEEP [36],
leading to derecruitment, lung collapse,
and worsened oxygenation. Again, with-
out esophageal pressure monitoring, de-
tecting this clinically may be quite chal-
lenging.

PL monitoring during recruitment
maneuvers

Recruitment maneuvers are commonly
used to reopen lung and maintain aer-
ation promoting improved oxygenation
and pulmonary mechanics. Although
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Fig. 3 A aReverse triggering due to entrainment where the initial breath triggers a reflex diaphragm contraction triggering
a second breath. The dotted line shows the diaphragm contraction causing a drop in esophageal pressure which triggers the
stacked breath. As shown, breath stacking can lead to significantly higher lung volumes than set on the ventilator.b Double

triggering often occursin patients with increased respiratory effort. The inspiratory effort (as seen by the esophageal pressure)
continues beyondthe delivery of theinitial breath (red arrows to dotted lines), triggering a second breath on top of the first. This
patient also shows evidence of expiratory effort (blue arrows) which may result in derecruitment. Comparing panel a and b, it
would be difficult to differentiate reverse triggering from double triggering without esophageal pressure monitoring as the

airway waveforms appear quite similar

several techniques are used for recruit-
ment, the general concept involves in-
creasing and holding airway pressures.
Grasso et al. found that half of ARDS pa-
tients were “responders” in terms of oxy-
genation after recruitment, while non-
responders were found to have higher
chest-wall elastance [37]. They postu-
lated that pressure dissipated by the chest
wall caused decreased transpulmonary
pressure and impaired recruitment [37].
Although this suggests that sufficient Py
is needed for recruitment, elevated Pp
during recruitment maneuvers may also
cause overdistension. Therefore, it was
hypothesized that with widely variable
chest wall mechanics, recruitment ma-
neuvers targeting airway pressures may
result in unpredictable Py causing ei-
ther under-recruitment or overdisten-
sion. Indeed, results from a recent ret-
rospective analysis by the authors sug-
gest that Pr above 20 cmH,O may lead to
overdistension, increase lung stress [38];
OFig. 4). This analysis is currently be-
ing replicated, but initial results suggest
that performing recruitment maneuvers
without transpulmonary pressure mon-

itoring may be unsuccessful or even po-
tentially harmful.

Intrinsic PEEP adjustment

Auto-PEEP, or intrinsic PEEP (PEEPi),
is the additional pressure in the lungs
above the airway pressure at end expi-
ration and may be caused by incom-
plete emptying of gas from premature
termination of the expiratory phase [39].
PEEPi is commonly seen secondary to
flow limitation in patients with COPD,
asthma, or obesity [39]. This additional
pressure above airway pressure can lead
to patient dyssynchrony, missed breaths,
dyspnea, increased work of breathing,
and patient discomfort. In severe cases,
PEEPi can lead to breath stacking and
dynamic hyperinflation with hemody-
namic compromise [39]. Patients sponta-
neously breathing on the ventilator must
overcome the PEEPi before the alveolar
pressure drop is sufficient to move air in-
wards and trigger a breath. Overcoming
PEEPi requires additional muscle work
with every breath, which can be a signif-
icant cause for dyspnea and muscle fa-
tigue. While measuring airway pressure
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during end-expiratory breath hold gives
anestimate of the PEEPi in deeply sedated
patients, the most accurate method is to
use esophageal manometry, which can
also be used in spontaneously breathing
patients [40, 41]. With a balloon in place,
Pes is measured at end expiration with
PEEPi calculated as the drop in Pg, from
the contraction of the inspiratory mus-
cles until inspiratory flow starts [40]. Im-
proved detection and awareness of PEEPi
with an esophageal balloon may facili-
tate prompt correction (ventilator adjust-
ment or medications targeting obstruc-
tion), improving dyssynchrony, dyspnea,
and work of breathing.

Weaning from the ventilator

During weaning from the ventilator,
there is a gradual reduction in ven-
tilator support and increased reliance
upon patient effort to generate ventila-
tion. Weaning and extubation failure
have been found to be associated with
progressive increases in the esophageal
pressure-time product, while weaning
success has been associated with its
stability [42, 43]. Esophageal pressure
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monitoring may allow for better pre-
diction of weaning success compared
with the rapid shallow breathing index
[43]. Furthermore, large swings in Pes
during weaning might allow for more
rapid awareness of problems and possi-
ble correction with treatments such as
bronchodilators or diuretics.

Conclusion

Despite its clear clinical utility, there are
several barriers to the widespread clini-
cal adoption of esophageal manometry.
Firstly, the lack of consistent terminol-
ogy and the use of alternative definitions
and calculations of Py and Pg in the
clinical and research literature may lead
to the incorrect application of principles
with variable and perhaps harmful out-
comes and discourage widespread adop-
tion [13]. Secondly, although esophageal

balloon use is easily learned, the proper
technique in placement and interpreta-
tion is required for successful use. Lastly,
the clinical use of esophageal manometry
is relatively new in the intensive care unit
and further research into its application
is needed.

In summary, regardless of these barri-
ers and the current lack of its widespread
clinical use, esophageal manometry is
easy to use and has extensive applica-
tion within the intensive care unit. Clin-
icians monitoring transpulmonary and
chest wall pressures have a better under-
standing of a patient’s unique physiology
from the time of intubation through extu-
bation. Transpulmonary pressure mon-
itoring early after intubation may allow
optimization of PEEP to prevent lung
collapse and optimize recruitment, and
measuring cyclical and total transpul-
monary stress may prevent ventilator-
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induced lung injury or overdistension
during tidal breathing and recruitment
maneuvers. Monitoring esophageal pres-
sures may then allow detection of dyssyn-
chrony and respiratory efforts, helping
guide the decision to change sedation or
paralyze the patient, and may improve
patient tolerance of spontaneous breath-
ing by better matching intrinsic PEEP.
During the weaning phase, monitoring
transpulmonary pressure may improve
understanding of weaning failure and
help to more quickly correct the under-
lying problems. With these numerous
benefits and the increased ease of use, it
appears time to reintroduce basic phys-
iology into clinical care to allow a more
personalized approach to critically ill pa-
tients.
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