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Esophageal Pressure as an Estimate
of Pleural Pressure

In 1949, Buytendijk introduced the method of
esophageal pressure measurement for studying
the mechanics of active breathing (Buytendijk
1949). Being a collapsible empty cavity between
the lungs and chest wall, the esophagus was
thought to reflect pressures similar to the pleural
cavity. Subsequent experimental findings con-
firmed that changes in pleural pressure (Ppl) were
closely correlated to changes in esophageal pres-
sure (Pes) (Dornhorst and Leathart 1952;
Cherniack et al. 1955). Absolute values of pres-
sures in the pleural space are often lower than in
those measured in the esophagus, especially for
gravitationally nondependent regions, but Pes
measurements give good estimates of the effec-
tive Ppl in healthy, upright subjects (Washko
et al. 2006; Fry et al. 1952). Moreover, recent
studies have shown that Pes accurately reflects
absolute Ppl values of the collapsed dependent
lung regions in experimental acute lung injury
and in cadavers (Yoshida et al. 2018).
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Positioning of the Esophageal
Balloon

Pes is measured with an air-filled catheter that
terminates in a th/in balloon. The catheter is
introduced through the nose or mouth and
advanced until it reaches the stomach (approxi-
mately 50-55 cm from the nares in an adult).
Then, the balloon is filled with a standard volume
of air according to the manufacturer’s recom-
mendations. This usually is 1-2 ml for smaller
balloons and 3—4 ml for larger ones. The intra-
gastric position of the esophageal balloon is con-
firmed by a positive pressure deflection during
gentle external manual compression of the abdo-
men. The balloon then is withdrawn until cardiac
artifacts appear, and there are negative inspira-
tory swings on the pressure tracings. This corre-
sponds to placement in the lower third of the
esophagus. Standard balloons are 10 cm long,
and the catheter has multiple side holes within
the balloon (Mauri et al. 2016).

Calibration

In 1982, Baydur and Colleagues described “the
occlusion test” procedure for correct positioning
of the esophageal balloon in active subjects
(Baydur et al. 1982). The occlusion test allows
subjects to perform static voluntary inspiratory
efforts (glottis open) against a closed airway, and
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a comparison is made between the change in
esophageal pressure (APes) and the correspond-
ing change in airway pressure (APaw). In the
lower third of the esophagus, approximately
10 cm above the gastroesophageal junction, and
in the absence of airflow and change in lung vol-
ume, the ratio APes/APaw should be close to
unity (1.0 £ 0.2). If APes/APaw is between 0.8
and 1.2, measurements of lung mechanics based
on esophageal pressure changes are considered
accurate and valid (Brochard 2014; Yoshida and
Brochard 2018). It must be noted that esophageal
balloon inflation plays an important role. When
the balloon is inflated with too little air, the posi-
tive pressure in the esophagus on inspiration will
empty the balloon, and the measured pressure
will be an underestimate of Ppl. Conversely, if
the balloon is inflated with too much air, it will
distend the esophagus and stress the balloon so
that the measured pressure will overestimate Ppl.
The minimal non-stressed balloon volume should
be used to measure Pes accurately; the range of
appropriate filling volumes is catheter-specific
and should be carefully checked before catheter
positioning (Brochard 2014).

Technical Pitfalls

Many factors can cause artifactual differences
between Pes and regional Ppl. These include
variations unrelated to Ppl, depending on pos-
tural artifacts, on the position of the balloon in
the esophagus, or on the volume of air inside the
balloon. Moreover, due to the effect of gravity, in
an upright individual, Ppl at the base of the lung
is greater (less negative) than at the apex. In the
supine position, lung volume is decreased in the
dependent zones, and the abdominal contents
compress the dependent lung, resulting in an
increased gravitational Ppl gradient (Hubmayr
et al. 1983; Mead and Gaensler 1959). At low
lung volumes, Ppl can even be locally positive
(Washko et al. 2006). Furthermore, in the supine
position, the esophagus is compressed by the
overlying mediastinal structures, which poten-
tially can increase Pes values. As reported by
physiological studies, in the upright and prone
positions, the lung’s inherent shape is close to

that of its container, the gravitational Ppl gradient
is low, and the lung compliance (Cy) is high.
Neither prone nor upright positions cause the
compression of the dependent lung by the heart
that occurs in the supine position. In summary,
the pleural cavity is characterized by differences
in regional pressures, while Pes reflects the pres-
sure only corresponding to one region of the
pleural space (Plataki and Hubmayr 2011).

Clinically Relevant Measures

The main clinical applications of Pes measure-
ment are (Mauri et al. 2016):

1. To estimate the transpulmonary pressure (Py)

2. To assess patient’s effort when the respiratory
muscles are active

3. To monitor patient-ventilator interaction

Transpulmonary Pressure

Mechanical ventilation can, per se, cause lung
injury. The so-called ventilator-induced lung
injury (VILI) is a dysregulated inflammatory
response due to an excessive volume and pressure
load imposed on ventilated lung regions along
with the cyclic opening and closing of distal air-
ways and collapsed alveoli during tidal ventila-
tion. VILI can result in worsening hypoxemia and
multi-organ dysfunction, which increases the mor-
tality of patients affected by hypoxemic respira-
tory failure (Grieco et al. 2017). Reducing VILI is
a key goal in the management of acute respiratory
distress syndrome (ARDS) ventilatory manage-
ment. In a pioneering single-center study, Amato
and Colleagues were the first to show a reduction
in mortality in patients with ARDS when using a
strategy based on achieving low tidal volume (Vt)
(6 mL/Kg), high positive end-expiratory (PEEP),
and low inspiratory driving pressures (< 20
cmH,0) (Amato et al. 2015). Driving pressure
(DP) is the difference between the static airway
pressure at the end of inspiration (plateau pressure,
Pplat) and total positive end-expiratory pressure
(PEEP). In turn, static compliance of the respira-
tory system (Cgs) is the ratio between Vt and DP:
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Cys = Vt/ Pplat —PEEP  >>Cj

Thus, DP represents the Vt corrected for the
patient’s Cgs, and using DP as a safety limit may
be more accurate than Vt to decrease VILI in
ARDS patients. However, DP reflects a force act-
ing on two different structures: lung and chest
wall. Thus, because airway pressure (Paw) is the
sum of pressures across both the lung and chest
wall, the portion of the pressure applied to the
lung varies widely, depending on chest wall char-
acteristics. Lungs inflate and deflate in response
to changes in transpulmonary pressure (Pp),
which is the pressure difference between the air-
way opening (Pao) and the pleural space:

P, =+Pao—Ppl

In the absence of flow (i.e., during an end-
inspiratory occlusion maneuver to obtain Pplat or
an end-expiratory occlusion maneuver to mea-
sure total PEEP), Pao corresponds to the Paw
measured by the ventilator at airway opening,
which in turn is equal to the pressure inside the
alveoli. The potential for damage to the lungs
caused by mechanical ventilation depends on the
magnitude of P;. (Mauri et al. 2016) The mea-
surement of Pes as an estimate of Ppl can repre-
sent the only way to distinguish what fraction of
Paw is applied to the lung and chest wall (Keller
and Fessler 2014). In critically ill patients, chest
wall elastance (Ecw) is often increased by many
factors including obesity, increased intra-
abdominal pressure, the effect of drugs, and fluid
overload, which cause chest wall edema
(Brochard 2014; Gattinoni et al. 2004); in the
presence of these alterations, Paw overestimates
the pressure applied to the lungs and can limit
optimal lung recruitment.

Two different methods have been proposed to
estimate P; from Pes (Mauri et al. 2016). The
first method is based on the absolute value of Pes
as a surrogate for absolute Ppl. By this method,
Py is directly calculated as follows:

P, =Paw—Ppl

That is,

= Vt/DP >>DP = Vt/Cpq

P, =Pplat —Pes

This “static” Py decreases progressively from
nondependent to dependent lung region in the
supine position, because of gravitational edema
and reduction of lung volume. At very low lung
volume, such as what occurs in ARDS, Ppl can
be locally positive in the dependent lung, and
thus, P; can be a negative value. This phenome-
non exposes the unstable, collapsed alveoli that
needs to be repeatedly opened and re-collapsed
with each tidal breath and an increased shunt
fraction. In the presence of closed airway and
flooded or atelectatic lung, raising PEEP until P,
becomes positive at end-expiration could avoid
cyclic alveolar recruitment and de-recruitment
and assure that airways remain open. In a phase-2
randomized controlled trial, Talmor et al.
assigned patients with ARDS to undergo mechan-
ical ventilation with PEEP adjusted to obtain
positive end-expiratory absolute P; values (inter-
vention group) or according to the ARDS
Network PEEP/FIO, titration tables (control
group) (Talmor et al. 2008). The primary end-
point was the improvement in oxygenation. The
intervention group had both significantly
improved oxygenation and respiratory system
compliance. Moreover, these improvements were
achieved without elevating transpulmonary pres-
sure at end-inspiration above the physiologic
range. Py during end-inspiratory occlusion never
exceeded 24 cmH,0. More recently, the same
group conducted a larger multicenter randomized
controlled trial comparing PEEP set by positive
transpulmonary pressure at end-expiration vs. a
high PEEP/FiO, table method. The study enrolled
200 patients, but the results weren’t as encourag-
ing: the mortality and ventilation days didn’t dif-
fer as well as most secondary endpoints.
However, the average PEEP and end-expiratory
transpulmonary pressure were similar in the two
groups, questioning whether the study really
compared two different strategies for PEEP titra-
tion (Beitler et al. 2019). Moreover, P; measured
from absolute Pes does not assure that VILI is
prevented in lung regions that are not near to the
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esophagus. This is particularly true in ARDS in
which the lung involvement is heterogeneous and
not symmetric. In ARDS, it’s reasonable to
expect that in lung regions below the level of
esophageal balloon, Ppl will be underestimated,
whereas in lung regions above the level of esoph-
ageal balloon, Ppl will be lower than Pes. Even if
PEERP is titrated to optimize the lung volume at
the level of the esophagus, lung regions else-
where likely are under- or overinflated (Talmor
and Fessler 2010).

The second method is based on the assump-
tion that the ratio of lung elastance (E; ) to respi-
ratory system elastance (Egs) determines the
fraction of DP needed to expand the lung.
Physiologically, E;/Egs is around 0.5, but in
ARDS, itranges from 0.2 to 0.8. The ratio of lung
elastance to respiratory system elastance (E;/Egs)
may be used to calculate transpulmonary pres-
sure and guide the “open lung” ventilation
approach. In this method, P, is calculated as
follows:

AP, = PawxE [E
where Egg is calculated as the DP/Vt in liter ratio
at the set PEEP level and AP; is the true indicator
of inspiratory lung stress (Fig. 33.1). In a case
series of patients with severe ARDS and who
were candidates for ECMO, Grasso et al.

N. Corcione et al.

increased end-inspiratory Py as calculated by the
elastance ratio method up to the physiologic
threshold of 25 cmH,0, and this improved oxy-
genation and prevented the use of ECMO without
signs of barotrauma (Grasso et al. 2012).

Patient’s Effort When the Respiratory
Muscles Are Active

The main goal of assisted mechanical ventilation
is to permit spontaneous breathing but with a
reduction of the patient’s work of breathing
(WOB). Compared to controlled mechanical
ventilation, spontaneous breathing has some
advantages: oxygenation is generally better
because of recruitment of the juxta-diaphrag-
matic lung region, respiratory muscle atrophy is
avoided, and the breathing pattern is variable
(“noisy”), unlike the monotonous ventilator pat-
tern. However, uncontrolled patient -efforts
which correspond to negative Pes deflections
(Fig. 33.2) can cause additional lung injury. This
is known as patient self-inflicted lung injury
(P-SILI). (Li et al. 2017) Because of the large
variability in the negative inspiratory Ppl that
can occur with large variability in patient efforts,
airway pressure delivered by the ventilator is a
poor indicator of the inspiratory stress deter-
mined by the AP;.

Fig. 33.1 Esophageal pressure monitoring and relevant derived measures during controlled ventilation
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Fig. 33.2 Esophageal pressure monitoring and relevant derived measures during assisted ventilation

AP, =DPx+E, /E,

For this reason, the difference between peak
airway pressure and PEEP in pressure-target
mode with active triggering cannot be taken as an
approximation of driving pressure. Furthermore,
in the injured, “solid-like” lung, the inspiratory
Ppl swing is localized more in dependent regions
and with the higher regional stress can damage
lung tissues (Yoshida et al. 2013, 2016). Negative,
vigorous Ppl swings increase transmural vascular
pressure and favor lung edema and worse hypox-
emia. Hence, monitoring Pes swings in ARDS
patients with assisted mechanical ventilation is
highly recommended. According to the PLUG
working group recommendations in these
patients, end-inspiratory dynamic P should be
less than 20-25 c¢cmH,O with inspiratory Peo
from muscle effort in the 5-10 cmH,O range
(Mauri et al. 2016).

Patient-Ventilator Interaction

As widely reported in literature, poor patient-
ventilator interaction worsens lung injury, causes
discomfort and dyspnea, increases the need for
sedative and paralytic agents, prolongs mechani-
cal ventilation and intensive care unit length of

stay, and increases the likelihood of respiratory
muscle injury and the need for a tracheostomy
(Murias et al. 2016). As reported by Blanch et al.,
in a large, prospective, non-interventional obser-
vational study, respiratory asynchronies are asso-
ciated with mortality, although further studies are
needed to know whether an elevated asynchrony
index is just a marker of the severity or whether it
constitutes a cause of higher mortality (Blanch
et al. 2015).

Major asynchronies can be classified as fol-
lows (Mellott et al. 2014):

1. Diaphragmatic muscle contractions triggered
by ventilator insufflations constitute a form of
patient-ventilator interaction referred to as
“entrainment.” This phenomenon is frequent
in deeply sedated patients, and it is called
reverse triggering, because the insufflation
triggers respiratory muscle contraction.
Reverse triggering results in breath stacking
and high Vt and increased oxygen consump-
tion. It is usually very difficult to recognize in
critically ill patients, but it becomes easy to
recognize if respiratory muscle activity is
monitored by the measurement of Pes.

2. Ineffective efforts are recognized by a nega-
tive Pes swing without ventilator pressuriza-
tion. It can be caused by the presence of
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auto-PEEP and/or excessive support, and it is
aggravated by the trigger setting being set too
low (if pressure-based) or too high (if
flow-based).

3. Double triggering is the result of the ventilator
inspiratory time (Ti) being shorter than the
patient’s inspiratory time. The patient’s effort
then continues after the first cycle and can
trigger a second ventilator breath. In this case,
a single Pes deflection can persist for two or
even three breaths delivered by the ventilator.

4. Auto-triggering is defined as a cycle delivered
by the ventilator without inspiratory effort by
the patient. It is often due to an air leak, car-
diac artifacts, or secretions. Auto-triggering is
recognized by the absence of negative Pes
swing preceding a mechanical breath.

5. Premature cycling is defined as a cycle in
which the ventilator’s inspiratory time, 71, is
shorter than the neural 71. This is seen as the
duration of Pes deflection being longer than
the ventilator’s inspiratory time.

6. Delayed cycling occurs when the machine 71
is longer than the neural 7i (i.e., longer than
the duration of Pes deflection).

Understanding how to place an esophageal
balloon, the limitations of the measurements, and
potential artifacts can lead to the improved
matching of ventilator settings to patient’s physi-
ology and safer management of ventilated
patients. Monitoring Pes allows the early detec-
tion of asynchronies, which can help physicians
optimize ventilatory settings and to titrate seda-
tion. Esophageal pressure allows better titration
of PEEP by identifying positive transpulmonary
pressure at the end of expiration and/or excessive
transpulmonary pressure at end-inspiration.
Finally, it may especially have a value by avoid-
ing potentially large transpulmonary pressures
due to uncontrolled patient efforts.
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