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Summary

The estimation of pleural pressure with esophageal manometry has been used for decades, and it

has been a fertile area of physiology research in healthy subject as well as during mechanical venti-

lation in patients with lung injury. However, its scarce adoption in clinical practice takes its roots

from the (false) ideas that it requires expertise with years of training, that the values obtained are

not reliable due to technical challenges or discrepant methods of calculation, and that measurement

of esophageal pressure has not proved to benefit patient outcomes. Despites these criticisms, esopha-

geal manometry could contribute to better monitoring, optimization, and personalization of me-

chanical ventilation from the acute initial phase to the weaning period. This review aims to provide

a comprehensive but comprehensible guide addressing the technical aspects of esophageal catheter

use, its application in different clinical situations and conditions, and an update on the state of the

art with recent studies on this topic and on remaining questions and ways for improvement. Key
words: respiratory mechanics; asynchrony; mechanical ventilation; physiologic monitoring; ARDS; me-
chanical ventilator weaning. [Respir Care 2020;65(6):772–792. © 2020 Daedalus Enterprises]

Introduction

More than a century ago, Luigi Luciani1 described the

measurement of esophageal pressure (Pes) by means of an

esophageal catheter and used it as a surrogate of pleural

pressure (Ppl). This technique was later made popular by

Buytendijk2 through his dissertation on Pes published in

1949. In the following decades, several renowned research-

ers such as Meade, Milic-Emili, Fry and their co-workers

dedicated a great deal of effort to further develop, improve,
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and fine-tune the measurement devices and technique.3-9

Since then, Pes monitoring has known periods of enthusi-

asm and hope (and disappointment), but it has remained

primarily a research tool.

Pes is an excellent surrogate for Ppl; therefore, it is

extremely useful to understand each patient’s individual re-

spiratory physiology in 3 main scenarios. First, it can be

used to characterize the respiratory system mechanics dur-

ing passive mechanical ventilation. Second, it is useful to

monitor patient’s respiratory muscle activity during assisted

ventilation. Third, it serves to understand patient–ventilator

interaction (ie, synchrony and asynchrony).

Theoretically, the gold standard for Ppl assessment is

direct measurement with the insertion of pressure trans-

ducers in the pleural space. This can be justified in animal

studies, but it is invasive and is not acceptable, practical, or

feasible for regular patient monitoring. Thus, esophageal

manometry can be a safe alternative.

Esophageal manometry has been used (and is still used)

in some expert centers and for research purposes. However,

it has never reached a broad audience, and it has not been

introduced into routine clinical practice. Despite its poten-

tial benefits for better understanding the mechanics of the

respiratory system and optimizing mechanical ventilation

of hypoxemic patients, the LUNG SAFE study showed that

<1% of the subjects with ARDS who were receiving inva-

sive ventilation had an esophageal catheter inserted.10

This review aims to provide a thorough and up-to-date

review on esophageal manometry from its theoretical prin-

ciples to its potential clinical use.

Technical Considerations

Pes is measured via an air-filled balloon catheter inserted

in the esophagus. Some catheters are equipped with a sec-

ond balloon that sits in the stomach and is intended to

measure gastric pressure. This allows the assessment of

transdiaphragmatic pressure, which is the difference

between gastric pressure and Pes. Some gastric feeding

tubes include an esophageal balloon that permits both

gastric feeding (or suction) and Pes measurement with a

single device. However, the use of 2 distinct catheters

(ie, one for feeding and one for Pes measurement) is pos-

sible and does not affect Pes measurements.11 The qual-

ity, accuracy, and reliability of the measurement is

affected by the characteristics of the balloon catheter

(ie, material, length, diameter), the balloon-filling pres-

sure, and the surrounding pressure, as well as the posi-

tion of the catheter in the esophagus and the patient’s

position. The following section will detail each of these

features. As with any therapeutic or monitoring device

in the ICU, clinicians must balance the benefits and risks

of complication before inserting an esophageal catheter.

The contraindications are rare and are basically the same

as for a nasogastric tube: risk of bleeding (eg, esopha-

geal varices, severe coagulopathy) and risk of local

injury in some specific patients (eg, skull or maxilla-fa-

cial fractures).

Catheter Insertion

After unpacking the catheter, an initial inflation and de-

flation with a few milliliters of air (not exceeding the manu-

facturer’s recommended volume) loosens the balloon and

prevents incorrect measurements due to adhesion of the bal-

loon on the catheter.12 Similar to nasogastric or orogastric

tube insertion in a patient who is awake, a local anesthetic

spray or gel can be applied in the nose and oropharynx

according to the local protocol and in the absence of contra-

indication. Catheter insertion can be facilitated by placing

the patient in a semi-recumbent position with head tilted

forward and by lubricating the tip of the tube. The depth at

which the catheter should be placed can be estimated by the

distance from the nostril to the ear to the xyphoid. The cath-

eter is inserted through the nostril or the mouth and progres-

sively pushed down to the stomach (usually at 50–60 cm,

depending on the patient’s height), inflated, and connected

to a pressure transducer. The latter is linked to the pressure

port of the ventilator or a dedicated monitoring device. At

that level, gentle repeated manual pushes below the

patient’s xyphoid (epigastric area) are transmitted as si-

multaneous inflections of the pressure waveform and sug-

gest that the balloon sits in the stomach. Likewise,

ventilator insufflation or patient’s inspiratory effort may

show a positive swing on the tracing. The catheter is then
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slowly withdrawn to reach the lower and middle third of

the esophagus, at which point cardiac artifacts should

appear on the waveform (distance from the teeth is usually

35–45 cm). The middle third of the esophagus is where

the pressure measurement is more stable, uniform, and

less influenced by external structures.6 However, the cath-

eter should be placed where it better represents Ppl as con-

firmed by the occlusion test (see Validation of the

Measurement). At this location, the appearance of the

tracing depends on the patient’s underlying respiratory

activity. In a passive patient (eg, comatose, deeply

sedated, paralyzed or not), machine insufflation leads to

positive deflection due to an increase in Pes (Fig. 1A); in

an actively breathing patient, effort leads to a negative

swing due to a decrease in Pes (Fig. 1B); when a patient

triggers the breath but does not sustain effort (eg, during

assisted ventilation), there is an initial negative swing fol-

lowed by a positive deflection (Fig. 1C). Figure 2 from

the review by Akoumianaki et al13 on the same topic

shows the pressure waveforms during the insertion of a

double-balloon catheter in an intubated patient under

pressure support ventilation. Mauri et al14 provided a very

useful video showing the insertion and calibration of an

esophageal catheter in the online supplement of their

recent review.

Balloon Inflation Volume

If the filling is optimal, the balloon should fit the esoph-

agus wall but not overstretch it so that it can accurately

transmit the surrounding pressure. Similarly, the inflation

volume should be small enough to avoid any balloon

recoil pressure. If the balloon is underfilled, Pes will be

underestimated; if the balloon is overfilled, Pes will be

overestimated.

Several teams have performed in vitro studies to assess

the mechanical characteristics of different commercially

available balloon catheter in various conditions.12,15,16 In

these series of experiments to test the reliability of Pes at

different filling volumes in static conditions, the authors

reported that all catheters could provide an accurate mea-

surement of surrounding pressure ranging from 0 to 30 cm

H2O.
12,15 However, the range of appropriate filling volumes

varied among catheters and were typically higher than

those recommended by the manufacturers, especially when

surrounding pressure was high.15 Walterspacher et al12 also

noted that balloon overinflation led to an overestimation of

the actual surrounding pressure; nevertheless, they reported

that the mechanical properties of the overinflated balloon

changed over time. By repeating their experience after 16 h

of overinflation, they could obtain accurate estimates of the

surrounding pressure with higher filling volumes than in

their initial assessment.12 Still in vitro but in dynamic con-

ditions assessing pressures during end-inspiratory and end-

expiratory occlusions, Yang et al16 also reported that there

was a range of filling volumes that allowed accurate mea-

surement of the surrounding pressure. The bottom line is

that the optimal filling varies with experimental conditions

and, in translating these findings to clinical settings, one

can hypothesize that optimal volumes vary between patients

and for a given patient, with his or her evolution.

Mojoli et al17 proposed a method to optimize the filling

volume of the esophageal balloon and calibrate Pes. Briefly,

the aim is to determine the optimal volume by computing

end-inspiratory and end-expiratory pressure-volume curves

at different filling volumes (ranging from 0 to the maxi-

mum recommended for a given catheter type) (Fig. 3).

Authors defined Vmin and Vmax as the volumes at lower and

upper limits of the linear section of the pressure-volume

curve, and optimal filling (Vbest) as the volume that maxi-

mizes the difference between Pes at end-inspiration and Pes
at end-expiration. Elastance of the esophagus (Ees) is calcu-

lated based on the slope of the linear section of the end-ex-

piratory pressure-volume curve; the pressure generated by

the esophageal wall is ([Vx � Vmin] � Ees), where Vx ¼ a

given filling volume. Finally, the calibrated Pes is the differ-

ence between the absolute value of Pes and the pressure

generated by the esophageal wall. The process is time-con-

suming but could be an important preliminary step to obtain

reliable and accurate estimation of the Ppl in cases where

very precise measurements are needed for research pur-

poses. Interestingly, another team confirmed these results,

reproducing almost the same experiment with another type

of esophageal catheter but limiting the test to only 3 filling

volumes.18

Validation of the Measurement

To ascertain that the catheter is placed in the appropriate

location and provides an acceptable proxy for Ppl, Baydur

et al19 proposed an occlusion test in spontaneously breath-

ing subjects. The principle of this test is to occlude the

patient’s airway opening so that any change in pressure

should be the same in the whole occluded system. In other

words, when a patient makes an inspiratory effort during

the occlusion, there is no flow in the system and the change

in Pes (DPes) should be equal to the change in the airway

opening pressure (DPaw). This means the ratio of DPaw to

DPes should be close to 1. In practice, the Pes measurement

is considered a reliable surrogate of Ppl when this ratio is

between 0.8 and 1.2. By applying the same concept in pas-

sively ventilated patients with lack of inspiratory efforts, a

modified occlusion test has been proposed, consisting of an

external manual pressure applied to the rib cage during an

expiratory pause. This positive pressure occlusion test has

been validated in animal studies and more recently in para-

lyzed subjects.20,21

ESOPHAGEAL MANOMETRY

774 RESPIRATORY CARE � JUNE 2020 VOL 65 NO 6



A

B

C

10 15
Time (s)

20

Flow

Flow

Paw

Paw

Pes

Pes

PL

PL

Flow

Paw

Pes

PL

Machine inflation

Positive deflection

10 15

L/
m

in
cm

 H
2O

cm
 H

2O
cm

 H
2O

60

0

32

16

16

12

16

0

Time (s)

Machine inflation

Machine
inflation

Patient’s effort
(negative swing)

Patient’s effort
(negative swing)

Patient is passive
(positive deflection)

65 70
Time (s)

75

40

0

16

0

24

16

0

–10
L/

m
in

cm
 H

2O
cm

 H
2O

cm
 H

2O

80

0

–80

24

12

16

12

10

0

L/
m

in
cm

 H
2O

cm
 H

2O
cm

 H
2O

Fig. 1. Examples of flow (pink), airway pressure (Paw blue), esophageal pressure (Pes, green), transpulmonary pressure (PL, black) in patients
with different breathing conditions (passive, active, or partially active). (A) Flow, Paw, Pes, and PL waveforms in a passive patient during volume
assist control ventilation. Machine inflation creates a positive deflection on the Pes tracing that comes back to baseline during exhalation.
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Artifacts and Troubleshooting

Even when the catheter is in the correct position and

the balloon inflation is optimized, artifacts such as

transmission of the heart beat or esophageal spasm can

impede Pes-based estimation of pleural pressure, partic-

ularly when the cardiac oscillations are of the same

magnitude as the Pes swings or when the spasms are fre-

quent (Fig. 4). Changing the angle of the bed to have the

patient in more of a seated position or withdrawing the

catheter a few centimeters can, in some cases, decrease

cardiac artifacts. Esophageal spasms are sometimes trig-

gered by patient stimulation or by end-inspiratory or

end-expiratory occlusions. In any case, paralysis will

not be appropriate to stop esophageal spasms because

the lower part of the esophagus, where the catheter is

usually placed, consists of smooth, nonstriated muscles,

which are insensitive to neuromuscular blocking agents.

Position

Since the 1950s, physiologists have known that body

position influences Pes and measurement of respiratory sys-

tem mechanics; specifically, Pes in a supine subject was

consistently higher than Pes measured in other condi-

tions.22,23 The main hypothesis was that mediastinal content

compressed the esophagus and generated an artifact overes-

timating Pes.
4,6,7,24-26 Most of these studies included healthy
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Fig. 2. Pressure waveforms during insertion of an esophageal catheter. Paw ¼ airway pressure; Pes ¼ esophageal pressure; Pg ¼ gastric pres-

sure; PS¼ pressure support. From Reference 13, with permission.

continued

(B) Flow, Paw, Pes, and PL waveforms in a patient breathing actively and triggering all of the breaths during pressure support ventilation. The
patient’s effort creates a negative swing in the Pes tracing, triggering machine inflation. (C) Flow, Paw, Pes, and PL waveforms in a patient trigger-
ing the machine but not sustaining effort. The patient’s effort creates an initial negative swing in the Pes tracing. When the patient’s effort stops

during the second phase of inspiration, the patient is passive and the machine inflation creates a positive pressure transmitted to the Pes, lead-
ing to a positive deflection. During exhalation, Pes goes back to baseline.
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subjects who had repeated measurements in different posi-

tions, but Mead and Gaensler4 also performed simultaneous

assessments in subjects equipped with both an esophageal

and a pleural catheter and reported similar results. More

recently, Washko et al27 hypothesized that the higher Pes
while supine was not only due to a direct compression arti-

fact but also to the change of lung relaxation volume in

different positions. They performed an experiment to assess

each effect separately, and they reported that part of the

increase in Pes is due to the actual pressure difference

between upright and supine position caused by relaxation

volume reduction. Nevertheless, �3 cm H2O is actually

a postural artifact and could be corrected by direct sub-

traction in the measurements. Surprisingly, this correction
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Fig. 4. Example of frequent esophageal spasm hampering esophageal pressure (Pes) monitoring. Regular spasm lasting around 4 s occur every
5 s. During spasms, Pes as high as 38 cm H2O is not representative of pleural pressure anymore and end-expiratory transpulmonary pressure
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ence between end-inspiratory Pes and end-expiratory Pes. From Reference 17, with permission.
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factor was not used in the subsequent studies from the

same group, and it is essential to keep in mind that impor-

tant interindividual variability exists.28,29 More recently,

Yoshida et al30 proved in an animal model and human cadav-

ers that Pes measured in the supine position is a good surro-

gate of Ppl at the mid-chest. In that study, absolute values of

Pes fell between those of the dorsal and ventral Ppl values

measured with direct pleural sensors, which minimized the

clinical relevance of the so-called postural artifact.30

How Is Esophageal Manometry Interpreted During

Passive Ventilation?

Transpulmonary Pressure in the Passive Patient:

What It Is and Is Not

During passive ventilation, pressure at the airway open-

ing, referred to as airway pressure (Paw) reflects the total

pressure delivered across the entire respiratory system,

comprised of both the lungs and chest wall. During air

flow, Paw is composed of two components, the flow-resis-

tive pressure (Presistive) and the elastic recoil pressure

(Pelastic) of the respiratory system:

Paw ¼ Presistive þ Pelastic

¼ resistance� flowð Þ
þ EL � volumeð Þ þ Ecw � volumeð Þ� �

[1]

where EL and ECW denote lung and chest wall elastance,

respectively.

In states of zero flow, such as during a breath-hold, flow-

resistive pressure is zero, and Paw then reflects only the

recoil pressure of the respiratory system. Perhaps the most

common application of esophageal manometry is to isolate

lung pressure from chest wall recoil pressure during zero-

flow states, such as during a breath-hold. When flow is

zero, the transpulmonary pressure (PL) then describes the

elastic recoil pressure across the lung, often referred to as

lung parenchymal stress:31

During zero flow½ � PL ¼ EL � volumeð Þ þ Ecw � volumeð Þ��

¼ lung stress [2]

It is often reported that PL during zero flow is a mea-

sure of transalveolar pressure,13,32 which is incorrect for

several reasons.33 Pressure measured at the airway open-

ing (ie, endotracheal tube) may not reflect pressure inside

the alveolus when airway closure occurs or when alveoli

are fluid-filled.33-35 Additionally, Ppl gradients exist

within the chest, and alveolar septal interdependence

produces regional mechanical heterogeneity in states of

patchy edema.36,37 Thus, although PL during zero flow

is, by definition, the pressure difference across the lung,

it should not be viewed as equivalent to transalveolar

pressure, which varies regionally and is unknowable

clinically.

Reconciling the Direct and Elastance-Based Methods

of Measuring PL

PL is the pressure difference across the lung (ie, PL ¼
Paw – Ppl).

31 While there is broad agreement in this defini-

tion, controversy exists around how to use esophageal ma-

nometry to estimate Ppl and thus PL. The 2 methods used

often in recent literature, the direct and elastance-based

methods, yield incongruous results.38

The traditional definition of PL, dating to the mid-20th

century, involves substituting Pes directly for Ppl (Ppl ¼
Pes), resulting in PL ¼ Paw – Pes.

4,39,40

The alternative elastance-derived method41 estimates Ppl
from Paw and the ratio of respiratory system and chest wall

elastances obtained during an inspiratory hold:

Ppl ¼ Paw � Ecw=Ers [3]

Therefore:

PL ¼ Paw – Paw � Ecw=Ersð Þ [4]

Although the elastance-derived method has been used in

several studies, its assumptions challenge long-established

respiratory physiology.33,42 First, elastance of any structure

is defined as the change in pressure for a given change in

volume (DP/DV); it is mathematically impossible to infer a

static pressure simply from knowing the elastance. Second,

the elastance-derived method assumes that Ppl and PL must

be 0 cm H2O (atmospheric) when Paw is 0 cm H2O (see

Equation 3 and Equation 4). During healthy normal respira-

tions, Paw is 0 cm H2O at both end-inspiration and end-ex-

piration with the airway open and communicating with the

ambient (atmospheric) pressure. The elastance-derived

method would lead to the invalid conclusion, then, that PL
(and lung stress) must be the same (ie, equal to 0 cm H2O)

at end-inspiration and end-expiration absent positive-pres-

sure ventilation. However, during critical illness Ppl is often

positive at end-expiration and therefore PL negative.

The traditional method, substituting Pes directly for Ppl,

also has limitations. Small vertical spatial Ppl gradients

exist within the chest.36,43,44 Although these are thought to

be less than hydrostatic equilibrium (ie, < 1 cm H2O per

cm height), they nevertheless predispose to regional dif-

ferences in ventilation. Patient position can influence Pes
measures due to mediastinal weight.27 Still, several stud-

ies have indicated that a correctly placed catheter posi-

tioning the balloon in the retrocardiac mid-thoracic
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esophagus affords a reasonable estimate of average Ppl in

the chest.27,30,42,45,46

Despite their conceptual differences, the traditional and

elastance-derived methods provide (different but) useful in-

formation that are not as incompatible as it may appear at

first sight. Yoshida et al30 recently performed a study using

both esophageal catheters and sensors inserted directly in

the pleural space in cadavers preserved according to the

Thiel method47 and in pigs with acute lung injury. One

of their most striking findings is that the direct method con-

sistently represents the PL of the dependent lung (anatomi-

cally close to the balloon), whereas the elastance-derived

method matches inspiratory PL of the nondependent part of

the lung. With this elegant demonstration, one can hypothe-

size that the direct method could be used to optimize col-

lapsed lung recruitment and the elastance-derived method

could be helpful to protect nondependent lung areas

from overdistention and prevent ventilator-induced lung

injury. This approach has not been formally tested yet, and

a study aiming at individualizing ventilation based on this

concept should start soon (Careful Ventilation in ARDS,

NCT03963622). Realistically, it is impossible to reach full

recruitment without overdistention, and clinicians have to

compromise to optimize PEEP and tidal volume settings.

Pes to Guide PEEP During Passive Ventilation

Esophageal manometry is perhaps best known for its

potential role in guiding PEEP titration in ARDS. Small air-

ways and alveoli may be predisposed to closure or collapse

when Ppl exceeds Paw.
48 Therefore, measuring Pes at end-

expiration may be useful to identify the minimum PEEP

required to prevent airway closure and alveolar collapse.49

Such a strategy of Pes-guided PEEP was compared to an

empiric low PEEP strategy in the EPVent trial, a single-

center, randomized trial of 61 subjects with ARDS.28 The

Pes-guided PEEP strategy was associated with significantly

higher PaO2
/FIO2

and respiratory-system compliance. Lower

mortality was observed in the Pes-guided group (17% vs

39%), a difference that was statistically significant after

adjusting for baseline illness severity.

The follow-up EPVent-2 trial,29 a multi-center trial with

200 subjects, compared Pes-guided PEEP to an empiric

high-PEEP strategy and found no significant difference in

survival or secondary physiological end points. EPVent-2

was not a validation study of EPVent because the compara-

tor treatment arms were intentionally different.50

In EPVent, an empiric low-PEEP strategy was used in

the comparator arm. Thus, in EPVent, end-expiratory Paw
was less than Pes on average in the empiric low-PEEP

group, potentially predisposing to airways and alveolar col-

lapse, and end-expiratory PL was significantly lower in the

empiric low-PEEP group versus the Pes-guided group.

By comparison, EPVent-2 adopted an empiric high-

PEEP strategy in the comparator arm, resulting in Paw $
Pes in the comparator arm and no significant difference in

end-expiratory PL on average over the first few study days.

Without a significant difference in PL, which was the

hypothesized mechanism of benefit of the Pes-guided inter-

vention, it is unsurprising that no significant differences in

key clinical outcomes were observed.

Importantly, there also were no significant differences in

barotrauma or adverse hemodynamic effects between groups

in EPVent-2. Empiric high PEEP is not routinely used in clin-

ical practice, likely in part due to concerns for barotrauma

and hemodynamic compromise.10 Thus, pending more defini-

tive clinical trials data, esophageal manometry still may have

an important role in clinical practice by providing additional

information about lung and chest wall mechanics when inter-

preting Paw in consideration of increasing PEEP.

Pes to Guide Tidal Volume During Passive Ventilation

When titrating ventilator settings, especially in ARDS,

evidence-based guidelines recommend limiting inspiratory

plateau pressure (Pplat) to 30 cm H2O; however, monitoring

Paw suffers from the inherent limitation that it has no com-

pelling corollary with normal spontaneous breathing. In

contrast, PL has the same meaning during positive-pressure

ventilation and spontaneous breathing because it is calcu-

lated based on both Paw and Ppl. Studies that measured

esophageal manometry in healthy individuals indicate that

a PL of approximately 20–25 cm H2O is the upper limit

encountered during a breath-hold at total lung capacity,

which is considered the upper limit of lung stress that might

be encountered by the lungs in normal life.51

Extrapolating this concept to positive-pressure ventila-

tion may be useful for titrating tidal volume by identifying

the risk of excess stress. In patients with ARDS, higher

end-inspiratory PL correlates with smaller aerated lung vol-

ume and has been associated with increased risk of death.52

It is unclear whether this limit is safe in injured lungs, such

as in ARDS. Because the ARDS lung is predisposed to

injury, a lower threshold than that experienced in healthy

breathing may be required. Setting tidal volume to a target

value of transpulmonary driving pressure also has been pro-

posed.4 Experts in the field widely recognize the need for

an individualized approach to setting tidal volume in

ARDS,53,54 but the optimal approach remains to be defined.

How Is Esophageal Manometry Interpreted During

Active Breathing?

Estimation of Global Lung Stress

We discussed above that lung stress (ie, the distending

pressure of the lung during tidal breathing) is accurately
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represented by PL. During passive ventilation with no

patient activity, when Pes is not monitored, PL is often

approximated with Paw, which is available on all ventilators

screens and does not require an additional catheter inser-

tion. This is not a perfect substitute, because pleural pres-

sure varies substantially and unpredictably between

patients. This issue is compounded further during assisted

mechanical ventilation, wherein, the total pressure applied

to the respiratory system results from the positive pressure

applied by the ventilator (readily available on the ventilator

screen), and the negative pressure generated by the respira-

tory muscles (hidden to the clinician with regular monitor-

ing). Therefore, Paw during assisted ventilation grossly

underestimates the distending pressure of the lungs.

Measuring Pes as a surrogate of Ppl allows the calculation of

lung stress (ie, PL) in this context, unmasking the pressure

applied by the respiratory muscles.55 As a proof of concept,

Yoshida et al56 used an animal model to show that, despite

keeping a constant safe Pplat < 30 cm H2O and a constant

tidal volume, strong breathing efforts can result in worsen-

ing lung injury consistent with the higher PL.

In this context, the relative risk or benefit of spontane-

ous breathing depends on the strength of the effort, which

determines PL, and the degree and type of lung injury.

Specifically, relatively weak breathing efforts and mild

lung injury can result in overall benefit, whereas strong

efforts in the context of severe injury can result in worsen-

ing lung injury, highlighting the importance of measuring

Pes to estimate lung stress.57 Of note, PL has a resistive

and a elastic component. The resistive component

depends on inspiratory flow and resistance, and only the

transalveolar component is relevant in terms of lung

stress. Transalveolar pressure calculated using Pes has

been shown to be negative (ie, lower than PEEP) in some

subjects with strong breathing efforts during assisted me-

chanical ventilation.58 This might have adverse hemody-

namic consequences that can lead to increased interstitial

and alveolar edema potentially worsening lung injury.

Dynamic changes in PL (DPL) are also an important char-

acteristic. Ppl changes during spontaneous breathing are not

evenly distributed around the lungs in patients with lung

injury. Distribution of negative forces generated by the dia-

phragm depends on the type of lung injury. In some patients

with healthy lungs, change in Ppl is homogeneous around

the lung, resulting in homogeneous distribution of PL and

lung inflation; this is referred to as fluid-like behavior.55

Other patients with lung injury and a larger amount of

nonaerated lung tissue present a solid-like behavior in

which distribution of PL and inflation is heterogeneous.

More so, the uneven distribution of DPL during spontane-

ous breathing can result in pendelluft flow (ie, distribution

of air from one lung region to another), causing regional

increases in lung stretch without changing the overall tidal

volume.59 Pes is a global estimate of Ppl. Therefore, when

calculating PL and DPL, this limitation needs to be ack-

nowledged, highlighting the potentially uneven distribution

of the distending pressures, which might play a relevant

role in lung injury during spontaneous breathing.

Monitoring Inspiratory Effort

Activation of respiratory muscles generates a negative

change in Ppl; given that Pes is a surrogate of Ppl, several pa-

rameters can be calculated using Pes to quantify the magni-

tude of breathing effort. The simplest and most readily

available is the change in Pes (DPes) during tidal breathing.

However, muscular pressure (Pmus), which is the force gen-

erated by the respiratory muscles and is calculated as the

difference between Pes and the chest wall recoil pressure

(Pcw) at the given tidal volume, is slightly higher than DPes.
Pcw is the static pressure generated by the chest wall when

displaced from its resting position at a certain tidal volume.

During passive conditions, Pes represents Pcw or trans-chest

wall pressure (ie, Ppl – Patm). However, during spontaneous

breathing, Ppl (Pes) no longer represents the passive me-

chanical characteristics of the chest wall, but the negative

deflection in Ppl during spontaneous breathing is the result

of the negative pressure generated by the respiratory

muscles: Ppl ¼ Pcw – Pmus. Therefore, as explained before,

Pmus¼ Pcw – Ppl.

Chest wall recoil pressure cannot be measured during

spontaneous breathing; therefore, it is calculated as the

product of tidal volume and chest wall elastance (Ecw):

Pcw ¼ VT � Ecw [5]

Ecw ¼ Pesend�insp � Pesend�expð Þ=VT [6]

Ecw can also only be measured in passive conditions;

however, it is relatively stable in a patient for a short pe-

riod of time. Therefore, if passive respiratory mechanics

were measured early during mechanical ventilation in a

patient, this information might be used for calculating

Pmus when actively breathing. Alternatively, if a patient

is breathing spontaneously, transient complete relaxation

can be achieved by hyperventilation. Hyperventilation

using high tidal volumes decreases respiratory drive and

results in relaxation of respiratory muscles, which allows

the measurement of Ecw. Otherwise, chest wall compli-

ance can be estimated as 4% of predicted vital capacity

per cm H2O.
14,60,61 Predicted vital capacity is based on

sex, height, and weight, and it can be calculated using

several online calculators; Ecw is the inverse of chest wall

compliance, measured in L/cm H2O.

However, inspiratory effort is not an instantaneous

event; timing of breathing effort is relevant in terms of

energy expenditure of the respiratory muscles, risk of
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injury, and fatigue. Therefore, the reference method to

measure inspiratory effort resulting from activation of

all respiratory muscles is the pressure-time product of

the esophagus (PTPes). It is calculated as the integral

of Pmus over time from the beginning of inspiratory

effort until the end of inspiration62 and correlates with

energy expenditure of the respiratory muscles (Fig. 5A).

Work of breathing is calculated as the area enclosed in

the Pes – volume loop using the Campbell diagram (Fig.

5B).63 It is closely related to the concept of work in

physics that refers to the force generated to move an

object over a certain distance. The main limitation relies

on the fact that it only quantifies inspiratory effort dur-

ing volume displacement, ignoring activation of respira-

tory muscles during isometric contraction. Both the

pressure-time product of the esophagus and work of

breathing can be partitioned into the inspiratory effort

exerted to overcome the elastic (due to intrinsic PEEP

and mechanical characteristics of the respiratory sys-

tem) and resistive load. The Campbell diagram can also

be used to assess activation of expiratory muscles.62,63

When gastric pressure is available, transdiaphragmatic

pressure (Pdi) can be calculated as the difference between

gastric pressure and Pes and allows the estimation of the

pressure specifically generated by the diaphragm, which is

the main inspiratory muscle. Positive deflection in Pdi can

be calculated (DPdi) or the pressure-time product of the dia-

phragm as the integral of Pdi over the duration of inspira-

tion, which also correlates with energy expenditure of the

diaphragm.64

Monitoring Patient–Ventilator Interactions (Diagnosis

of Dyssynchronies)

Asynchrony, usually defined as a discrepancy between

a patient’s neural times and need and the ventilator-

delivered breath, could have an impact on patient out-

comes.65-69 Asynchrony regularly happens when a patient

is overassisted (eg, ineffective effort, delayed cycling) or

underassisted (eg, premature cycling, flow starvation).

Asynchrony can be challenging to detect only with Paw
and flow waveforms, therefore esophageal manometry

might assist in the diagnosis. In this section, we summa-

rize common dyssynchronies and how they can be diag-

nosed on tracings displaying Pes.

Delayed cycling occurs when ventilator insufflation is

longer than the patient’s inspiratory effort. This can occur

during continuous mandatory ventilation when the inspira-

tion time is too long or during pressure support due to either

excessive support or inadequate cycling criteria resulting in

long insufflation times. An example of delayed cycling is

shown in Figure 6A: diagnosis is facilitated by the Pes trac-

ing, in which the patient’s effort (Pes negative swing) has

ended but machine insufflation continues (Pes passively

increases).

Ineffective efforts, also known as failed triggering, are

patient inspiratory efforts that fail to result in triggering a

ventilator inspiratory cycle. Insofar as they lead to eccen-

tric diaphragm contractions, they may contribute to

ventilation-induced diaphragm dysfunction.70 Ineffective

efforts can be especially difficult to detect clinically when

they occur early during the expiratory phase or in patients
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Fig. 5. Examples of ways to assess patient effort with esophageal
pressure. (A) Esophageal pressure (Pes) tracings. Ccw, estimated at

4% of vital capacity, has been superimposed on Pes at the onset of
the fall in Pes and at the onset of inspiratory flow generation (ie, the
first vertical line), together with dynamic CL. The colored area com-

prises the total pressure-time product (PTP) of respiratory muscle
pressure. The yellow area is the PTP attributed to intrinsic PEEP, the

green area represents elastic PTP, and the gray area represents
resistive PTP. (B) Pressure-volume curve of Pes and lung volume.
The Ccw and CL intersect at FRC. The yellow area represents work

of breathing (WOB) attributed to intrinsic PEEP, the green area rep-
resents elastic WOB, and the gray area represents resistive WOB.

Ccw ¼ compliance of the chest wall; CL ¼ compliance of the lung;
FRC ¼ functional residual capacity; PEEP ¼ positive end-expiratory
pressure; FRC ¼ functional residual capacity; VC ¼ vital capacity;

PEEPi¼ intrinsic PEEP. Redrawn from data in reference 61.
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with auto-PEEP because either case will result in only

subtle changes in flow and Paw.
71 By contrast, ineffective

efforts are readily detectable with esophageal manometry

by observing negative deflections in Pes without the corre-

sponding initiation of the machine’s inspiratory cycle

(Fig. 6A). This can be caused by overassistance leading to

weak efforts, typically in patients with delayed cycling or

dynamic hyperinflation.

Premature cycling, on the other hand, is a case of under-

assistance and is defined by the mechanical ventilator expi-

ration starting before the patient’s inspiratory effort is over.

Again, this phenomenon is easily diagnosed with a Pes trac-

ing in which the negative swing continues during the exha-

lation phase (Fig. 6B). When the patient’s effort remains

strong during the exhalation phase, a second insufflation

can be triggered, leading to an increase in the global tidal

volume (ie, breath-stacking).

The term reverse-triggering was recently defined as a

patient’s muscle contraction following a passive insuffla-

tion.67 Usually, a patient’s effort triggers a breath, but in

reverse-triggering the machine insufflation triggers a

patient’s effort. Because the Pes tracing provides clear iden-

tification of patient effort (ie, negative swing), it helps diag-

nose reverse-triggering; a machine insufflation (with no

patient effort) comes first (ie, Pes passively rises), then the

start of muscle contraction creates a negative swing (Fig.

6C). Respiratory entrainment is defined as phase-locking of

the patient neural respiratory rhythm (and effort) to an ex-

trinsic rhythm, such as the pre-set rate or rhythm of the ven-

tilator.72-75 Respiratory entrainment can result in ineffective

efforts, eccentric diaphragm contraction, and breath-stack-

ing. When reverse-triggering happens in the context of

entrainment, the rhythmic, stereotyped pattern of patient

effort that is the hallmark feature of entrainment is readily

identified with esophageal manometry.

Flow starvation is a form of asynchrony when insuffla-

tion flow does not match patient demand. It typically

occurs during continuous mandatory ventilation when

the peak flow is not set high enough. It could be diag-

nosed when a concavity that corresponds to a patient’s

strong inspiratory effort is present on the Paw waveform.

However, Pes tracing facilitates the interpretation by

actually displaying the negative swings in Pes propor-

tional to patient’s effort.

What Could Be the Best Indications?

Lung- and Diaphragm-Protective Ventilation

The use of Pes can help clinicians individualize mechani-

cal ventilation and sedation practices based on concrete

physiological variables. As with any monitoring techni-

ques, esophageal manometry does not describe the

patient’s unique physiological characteristics only at

baseline but must also assess the response to specific

interventions. Conducting randomized controlled clini-

cal trials to test interventions related to mechanical ven-

tilation is challenging. Therefore, understanding each

patient’s individual physiology allows clinicians to

adjust the available evidence to unique patients and

guide mechanical ventilation when there is no conclu-

sive evidence emerging from the trials.

Specifically in this context, the use of Pes might help in

the design and implementation of a lung- and diaphragm-

protective ventilation strategy.76 There is an urgent need for

such strategies because interventions that aim to protect the

lung might harm the diaphragm and vice versa. Precise

monitoring techniques, individualized treatment, and per-

sonalized ventilation settings could prevent or balance lung

and diaphragm injury. For example, the use of heavy seda-

tion or paralysis during early acute hypoxemic respiratory

failure that completely inhibits inspiratory effort to obtain

low tidal volume ventilation can result in rapid disuse myo-

trauma of the diaphragm.70 Instead, precise measurements

of the magnitude of inspiratory effort and understanding its

potential impact on lung and diaphragm injury in each

patient might allow the clinician to maintain a safe amount

of breathing effort that might avoid muscle disuse atrophy

while still protecting the lung. Clinical evidence on the

safety and efficacy of such strategies are not available yet

despite growing physiological and epidemiological data

indicating that some injurious clinical presentations should

continued
machine inflation. This can also be suggested by the concomitant bump seen on the flow tracing during the expiration phase. (B) In pressure

controlled continuous mandatory ventilation mode, the Ti-M is shorter than the patient’s Ti-N, creating premature cycling. The patient’s inspira-
tory effort continues beyond machine inspiration and prevents the peak expiration flow usually seen when the expiration valve opens and the
exhalation is passive (ie, the patient tries to get flow in while the circuit is supposed to let the flow go out). The bump in the early phase of the ex-

halation is also suggestive of the patient effort continuing during expiration. (C) In volume controlled continuous ventilation mode, the initial
inflation is passive in all breaths, and the machine starts the inspiration phase on a time command. At the end of the inspiration phase, the

patient’s effort occurs (ie, the negative swing seen on the first breath), and there is a muscle contraction continuing during the expiration. As
during ineffective effort or short cycling, this can be suggested by the bump on the flow seen during expiration. This likely creates an eccentric
diaphragm contraction that could be injurious. This sequence of passive inflation followed by a muscle contraction is defined as reverse trigger-

ing. Of note, the fourth breath shows the same type of asynchrony, but this reverse triggering is strong enough to trigger a second inflation and
breath stacking. This type of reverse triggering with breath stacking can injure the lung by providing tidal volume as high as twice the value set

on the machine.
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be avoided (eg, excessive inspiratory efforts in patients

with severe lung injury or prolonged absence of inspiratory

efforts).57,77,78 Clinical evidence on the practical use of Pes
for this purpose will probably become available in the next

few years, but for now, we share our personal perspective

on the practical use of Pes during the course of mechanical

ventilation for all critically ill patients. In the next section,

we will focus on specific conditions.

During early mechanical ventilation, especially when

there is significant lung injury with altered respiratory

mechanics, Pes might serve to determine the relative weight

of abnormalities in lung and chest wall mechanics and esti-

mate global lung stress and strain. It can then serve to moni-

tor the effect of changes in ventilator parameters such as

changes in tidal volume, PEEP, or prone position on a

patient’s respiratory mechanics. In fact, implementing a pro-

gram for systematic assessment of respiratory mechanics

using Pes in all patients with moderate and severe acute re-

spiratory distress syndrome (ARDS) was shown to be feasi-

ble, resulted in changes in ventilator settings, and was

associated with an improvement of several physiological

variables such as oxygenation index and driving pressure.79

Concurrently, Pes in the early phase permits the titration of

sedation or neuromuscular blocking agents to the minimum

dose that still controls or eliminates inspiratory efforts.

Finally, Pes during that early period could potentially help in

achieving a minimum safe amount of effort that allows the

patient to breathe spontaneously by measuring global lung

stress and strain. Recent recommendations and trends in

clinical practice suggest minimizing the use of sedative

drugs, and after partial recovery with improvement in oxy-

genation, respiratory mechanics, and hemodynamics, con-

tinuous sedation should be stopped.80 Pes in this context can

be extremely helpful in detecting overassistance with very

low breathing effort (ie, when the patient only triggers the

ventilator and then relaxes), injurious breathing effort

(underassistance), and dyssynchronies.65,81 Moreover, Pes
can assist in monitoring any intervention that aims to control

drive and effort, including changes in sedation and ventila-

tor parameters.

Specific Conditions and Subpopulations

Data are still limited with regard to the advantages of

using an esophageal catheter to set and monitor mechanical

ventilation in clinical practice. Two randomized controlled

trials28,29 in which end-expiratory PL was used to set PEEP

reported conflicting results, and only a few observational

studies focused on this topic. However, some specific popu-

lations of patients (such as those with hypoxemia/ARDS,

obesity, chest wall abnormalities, intra-abdominal hyper-

tension) might benefit from personalized ventilation based

on PL.

Patients with ARDS. Absolute values of Pes vary widely,

and its value is unpredictable.40,82 Therefore, a Pplat that is

considered safe can mean different things in terms of risk

of lung overdistention depending on the mechanical charac-

teristics of the chest wall. High Pplat in the context of high

chest wall elastance might still be safe in terms of lung

overdistention, and a safe Pplat might represent a potentially

injurious condition for the lung if the chest wall elastance is

low. Likewise, high PEEP can be insufficient when end-ex-

piratory Pes is high, leading to end-expiratory lung collapse

and atelectrauma through the closing and reopening phe-

nomenon. The one size fits all protective ventilation

approach of setting tidal volume to 6 mL/kg predicted body

weight and PEEP to obtain Pplat of 27–30 cm H2O might

not be adequate or appropriate to limit ventilator-induced

lung injury in all patients.83,84 In the era of precision medi-

cine, Pes could be one of the important tools to initially

optimize and then adapt settings during the course of me-

chanical ventilation by considering the many changes that

occur during an ICU stay. Translating into practice the ob-

servation that direct measurement and elastance-derived

calculation of PL represent different areas of the lung could

be an interesting way to control ventilator-induced lung

injury.30 However, it seems virtually impossible to com-

pletely recruit the lung (ie, maximize end-expiratory lung

volume) without any overdistention, and the optimal venti-

lation will remain a trade-off.85

Lung injury alters respiratory mechanics and drive, pos-

sibly making dyssynchronous efforts more harmful. As dis-

cussed in the previous section, Pes monitoring in these

patients is an interesting tool to monitor asynchrony, the

amount of muscle activity after the acute phase of the dis-

ease, or to guide the weaning period.

Prone Position. It is commonly accepted that one of the

beneficial effects of prone positioning in patients with

ARDS stems from the increase of chest-wall elastance,

which renders the lung more homogeneous.86,87 A recent

study comparing lung mechanics in prone versus supine

position did not report any change in chest-wall elastance,

and its authors hypothesized that their use of an inclination

>0� during prone position could explain this discrepancy.88

Interestingly, this study reported improvement of lung

mechanics during prone position with, again, unpredictable

individual variations of the effect of proning on end-expira-

tory Pes and PL.
88 Therefore, measurement of advanced re-

spiratory mechanics (discriminating lung and chest wall

mechanics) might be warranted to understand the unique

response to prone positioning in different patients.

Obesity. Compared to lean patients, overweight and obese

patients have increased end-expiratory Pes, thus esophageal

manometry might be of special interest in obese patients on

ventilation.89 This population often exhibits reduced lung
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volume and atelectasis due to increased thoracoabdomi-

nal pressure, especially when lying supine in the ICU,

and is at risk of airway closure.34,35,48,49,90,91 Though it has

been reported that chest-wall elastance was normal and

lung elastance reduced in obese subjects, the chest-wall

pressure-volume curve is shifted to the right due to the

mass loading.48,92-95 In other words, compared to non-

obese patients, at a given Paw, PL and lung volume are

lower, increasing the risks of atelectasis. In such patients,

ventilation without esophageal manometry blinds the

clinician to important information, and setting ventila-

tion only with Paw and PEEP tables seems insufficient.

Interestingly, a recent study testing 3 PEEP-titration

strategies in obese subjects challenges this assertion,

reporting that setting ventilation to optimize respiratory

system elastance without chest-wall elastance measure-

ment could be efficient.96 In this crossover study,

Fumagalli et al96 showed that setting PEEP to obtain the

lowest respiratory system elastance (after a recruitment

maneuver) led to more similar PEEP than the study

group set to obtain a 0–2 cm H2O end-expiratory PL.

Compared to the low PEEP-FIO2
ARDSnet table,83 both

strategies led to significantly increased PEEP and

improved oxygenation, recruitment, and respiratory

mechanics. The optimized respiratory system elastance

strategy was even more beneficial in that it further

increased recruitment and reduced overdistention of the

nondependent part of the lung.

Weaning. The use of Pes has contributed substantially to

understanding the underlying respiratory physiology

pertaining to the weaning process in general and wean-

ing failure in particular.62 Specifically, by quantifying

the work of breathing and inspiratory effort using Pes to-

gether with other physiological parameters, several fea-

tures are better understood.97 First, successful weaning

results from an adequate balance between the load

imposed to the respiratory muscles (ie, altered mechan-

ics and gas exchange) and their capacity (ie, respiratory

muscle function). Second, work of breathing immedi-

ately after extubation is often increased.98 Third, the

load imposed to the respiratory muscles after extubation

(ie, work of breathing) can be predicted by performing

a spontaneous breathing trial without assistance (ie, T-

piece or CPAP 0 cm H2O), and therefore the risk of

weaning failure can be predicted using various monitor-

ing parameters during these tests.99

However, implementation of Pes in clinical practice to

assist clinicians in the decision to extubate a patient was

rarely tested. In a study of subjects with prolonged ventila-

tion (mean 20 d of mechanical ventilation), Jubran et al100

reported that a progressive increase in inspiratory effort

quantified by the change in Pes swings (DPes) between the

first and the ninth minute of a spontaneous breathing trial

using a T-piece had an excellent diagnostic accuracy to

predict failure of the weaning test (area under receiver

operating characteristic ¼ 0.94). This index performed

better than measuring the DPes or rapid shallow breath-

ing index during the first minute. For this purpose,

Jubran et al100 developed an algorithm to quantify the

progressive change in DPes, which they named the trend

index. This index may be applicable in monitoring devi-

ces to follow patients in real time; however, it has not

been implemented yet. Nevertheless, the rationale and

results of this study provide some insights on the patho-

physiology of weaning failure and how to use this infor-

mation during weaning. First, a progressive increase

in inspiratory effort measured during a spontaneous

breathing trial without assistance is highly suggestive

of possible failure. Second, if this is encountered, clini-

cians might consider evaluating the potential trigger

(eg, weaning-induced pulmonary edema or broncho-

spasm) and treat accordingly to avoid failure by using

diuretics, afterload reduction agents, inotropes, or

bronchodilators.

Limits of the Technique and Barriers to Its

Widespread Use

While we advocated throughout this review for a broader

but sensible use of Pes measurement, several barriers to its

adoption in clinical settings remain, which could explain the

small number of patients with Pes monitoring in the LUNG

SAFE study.10 It is not necessary to obtain dedicated moni-

toring devices because most newer ventilators and the usual

monitors can display Pes and PL. However, catheters are dis-

posables, and individual cost is not negligible. This price

must be considered in the care strategy and can be dissua-

sive in settings with limited resources. A common criticism

is that the technique is complicated and requires expertise at

each step: choice of the type of catheter, catheter insertion,

balloon filling, validation maneuver, pressure collection,

number interpretation, and repeated measurements in evolv-

ing conditions and after position changes. As with the

implementation of any new device, protocol, or procedure,

initiating Pes measurement in the clinical setting necessitates

a motivated and proactive team that is convinced of the

enhancement this could bring to patient care. The team at St

Michael’s hospital in Toronto, Ontario, Canada, educated

their clinical fellows and respiratory therapists on the topic

by way of a quality-improvement program. Since then, most

of the respiratory therapists working in this hospital have

the technical skills to independently insert a catheter, mea-

sure respiratory mechanics, and optimize ventilation based

on interpretation of the values.79 Expertise in esophageal

manometry increases with exposure to the technique, and

new devices such as high-resolution manometry might solve

some technical issues in the near future.26
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Some clinicians are reluctant to use Pes because they

remain skeptical about the reliability of the values meas-

ured and are concerned by the discrepancy between direct

and elastance-derived methods to calculate PL. We hope we

clarified in this review that measurement accuracy depends

on the careful step-by-step process from catheter insertion

to the actual assessment. As detailed above, the direct and

elastance-derived methods are not incompatible but are

complementary and represent different parts of the lung.30

Finally, the current absence of evidence of clinical bene-

fit should not lead to the absolute rejection of this tech-

nique; instead it should be an incentive to better understand

the underlying physiology, to better select patients who

might benefit from Pes monitoring, and to propose other

ways to optimize and personalize ventilation.

Summary

Esophageal manometry as a surrogate of Ppl allows us to

separate lung from chest wall mechanics assessment and

provides useful information to monitor and potentially

optimize mechanical ventilation. Careful step-by-step

catheter insertion and pressure transduction verification

ensures the quality of the signal acquired, as well as the ac-

curacy and reliability of the data obtained. During passive

ventilation, esophageal manometry could help prevent

ventilator-induced lung injury by optimizing recruitment

of the dependent lung while avoiding overdistention of the

nondependent lung. When patients have active muscle

contraction, Pes tracings are a handy tool to diagnose all

types of asynchrony and to measure PL and breathing

effort. Later in the course of ventilation, for patients with

challenging weaning, quantification of effort and changes

in the amount of effort during a spontaneous breathing test

can help clinicians better understand the patient’s condi-

tion and potential treatment. Despite these potential bene-

fits, no trials have definitively demonstrated the positive

impact of esophageal manometry on patient outcomes.

This might explain its scarce use in clinical practice and

the reluctance of non-experts to start using it despite being

available for decades. Some specific subpopulations of

patients with chest-wall abnormalities, such as those with

abdominal hypertension or obesity, could benefit from this

monitoring and should be targeted in future studies. Future

research might use esophageal manometry to find the right

amount of patient effort to provide both lung- and dia-

phragm-protective ventilation. This technique may be

essential to the personalization and optimization of ventila-

tion in the context of precision medicine.
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Discussion

Schmidt: I want to come back to the

question of setting of PEEP in ARDS

patients. I wonder if we should set

PEEP the same in active and passive

patients? When we think about the bal-

ance of recruitment or over-distension

we’re largely thinking about the pas-

sive setting. The active patient might

be different because of the issue of

pendelluft, and because pendelluft

seems to be PEEP-dependent maybe

PEEP should be different in an active

and a passive patient. Maybe we

should be studying PEEP settings dif-

ferently in passive patients than we do

in active patients. Do you think esoph-

ageal pressure measurements could be

a way to pick a patient population?

Pham: I totally agree with your

comments. One of the things esopha-

geal pressure cannot assess is pendel-

luft; we could do it using, for instance,

a combination of EIT and esophageal

pressure, which can be interesting.

Regarding active ventilation, I think it

depends on the period when you’re

studying and assessing the patient. Up

to now most trials have focusing on the

initial period, where most severe

ARDS patients with a PaO2
/FIO2

ratio

lower than 150 are sedated, likely para-

lyzed, and sometimes prone. We also

know it’s not the practice worldwide,

as in the LUNG SAFE study1 less than

40% of the patients with severe ARDS

were paralyzed. You already have

severe ARDS patients who are actively

breathing so, how do you use esopha-

geal pressure to measure respiratory

system mechanics in this setting? I

agree with you that pendelluft is impor-

tant in these patients and if it occurs,

likely having a higher PEEP is protec-

tive.2 So it might be different to set

PEEP in a patient with active breathing

as compared to passive patients. Also,

some patients have intermittent active

breathing and you are able to do a

proper assessment and set PEEP based

on the passive breaths. Most of the

time, the PEEP you use when you have

any assessment of respiratory mechan-

ics is higher than what you use if you

didn’t have esophageal pressure. You

also might need more protective venti-

lation even if the patient is actively

breathing, but this is only a hypothesis.

I have no data to show you.

Piraino: For setting of PEEP with

an actively breathing patient using

esophageal pressure, it may be better

to use something like the swing rather

than the absolute value. This concept

in patients with severe intrinsic PEEP

where you can see the change in

esophageal pressure that occurs prior

to the triggering of the activation of a

mandatory breath. Again if you adjust

PEEP and you see a reduction of the

swing and better timing, then it may

be important to understand the drive. I

can tell you from experience that it’s

very difficult to get a nice baseline

absolute value of esophageal pressure

in an actively breathing patient. When

you do an expiratory occlusion,

they’re trying to trigger, and there may

be expiratory activity that can cause

the baseline to never be flat – so I

think the swing would be more impor-

tant here. The swing would be an opti-

mal setting for somebody with active

breathing to determine the effect of

PEEP or perhaps the course of pres-

sure support. The amount of support

will impact the swing, but PEEP may

also impact it. Ewan [Goligher], do

you want to comment on that?

Goligher: I completely agree with

your point that the mechanisms

driving injury may be very different

between active and passive patients,

and I think it just highlights the

broader issue that we should know

whether our patients are actively or

passively breathing and make deci-

sions accordingly. Maybe this will

come up again, but to me, the major

deficit that occurs in practice, aside

from a relative inability to interpret

waveforms properly, is not having a

waveform that tells us how much

effort the patient is actually doing,

which is very difficult to infer from

flow and airway pressure and so on.

The future of esophageal pressure is

ensuring safe spontaneous breathing

and knowing if patients are breathing

or not and knowing if they’re breath-

ing way too much, which is really

what drives our concerns about pen-

delluft and patient self-inflicted lung

injury as well as under-assistance

myotrauma and so forth. The exciting

thing about esophageal pressure is the

potential to more reliably monitor

when the patient is passive or active

and make good decisions accordingly.

Scott: I like what you’re saying

about the future of esophageal ma-

nometry, but I think we need to recog-

nize the fact that it’s been around for a

long time. I’m asking the folks in the

room, why has esophageal manometry

really never been a more mainstream

approach? Why does it seem to be ree-

merging now, although we have

papers that date back to the 1980s on

the same exact concept? Is it that the

technology just wasn’t there? An

added point to that is that I still don’t

find the equipment to be user-friendly.

Goligher: I think that’s a huge

issue. There are a number of ventila-

tors with the ability to monitor
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esophageal pressure. In our ICU, for

example, all of the ECMO patients

have esophageal balloons placed. We

use a ventilator that allows us to moni-

tor the waveform directly on the

screen, which I think facilitates things.

More and more companies are catch-

ing on that it’s useful. But I agree, the

actual mechanics of acquiring the sig-

nal have been challenging for a long

time.

Scott: So going forward, what will

prevent us, 20 years from now, from

talking about esophageal manometry

and how it never really caught on in

2019? How do we get past this?

What’s really the issue now? Is it the

lack of available monitors in each fa-

cility? Is it the lack of training or

understanding? What I don’t want is

20 years from now for us to be talking

about esophageal manometry again

like it’s something new or fresh. Why

can’t we move forward?

MacIntyre: Somebody made the

point earlier today. Clinicians want

things that they can act upon and I

think that’s true here. We’ve been

looking at the esophageal balloon and

fascinated with the physiology, but it

has rarely changed clinical decisions.

Going back to Talmor’s study,3 the

biggest problem to me was that they

ended up with the same PEEP level in

both arms of the study. I think where

you’re going to see an esophageal bal-

loon helping is where you’re going to

have a different PEEP being driven by

that. I was very disappointed in that

second study because it seems to me

that they did not focus on a population

where a high esophageal pressure

would drive the PEEP higher than a

conventional PEEP-FIO2
table (e.g., the

obese population). In going back to

Fumagalli et al4 looking at adding

PEEP according to esophageal pres-

sure in obese subjects, the average

PEEP level when they optimized it

was 8 to 9 cm H2O higher, and yet the

Pplat didn’t go up very much at all.

Scott: Is what I’m hearing you say

is that we can get the information but

everybody will stand at the bedside

and say, what now?

MacIntyre: We say this all the time

on rounds. One of the most common

questions when somebody reports a

value or wants to do a test should be:

‘is this going to change what you’re

doing?’ And more often than not, the

answer is ‘no’. So under those condi-

tions why bother to go through the

expense, time, hassle and so on. But

now I’ll defend the esophageal balloon

because I think there are places where

it could be extraordinarily helpful and

change decisions. We’ve been talking

about obese patients. They say that

Iowa is corn-fed but in North Carolina

it’s pork – we’ve got obesity issues

across the country. That’s at least one

population where I think the esopha-

geal balloon may be helpful.

*Hess: I’ve put in hundreds of

esophageal balloons, and I don’t think

we can minimize the technical chal-

lenges of getting the balloon in, having

it correctly positioned, and then know-

ing what to do with the information. I

think it is clinically challenging to get

these in and get them positioned cor-

rectly and then using the information

appropriately.

Branson: I agree with Dean [Hess],

I’ve done hundreds of these over my

career and esophageal manometry is

incredibly instructive for bedside clini-

cians to see the physiology; there is a

lack of understanding and interest. The

clinicians want to know what does

the evidence say on where I should set

the tidal volume or the PEEP? All the

guidelines they are bombarded with

are probably overwhelming and trying

to keep up with the current state of the

art, but I think some of it is lack of

understanding of physiology by the

people at the bedside - whether they’re

physicians, therapists, or nurses. This

change to evidence-based practice,

which emphasizes following guide-

lines and not necessarily understand-

ing physiology, presents some

challenges. If you look back there was

a medical device, the Bicore monitor,

that was created just to do esophageal

manometry and it made it very easy,

gave us the displays, gave us the calcu-

lations, but it failed commercially

because not enough people saw it as

valuable so it turned out not to be a

viable product. That kind of tells you

the status.

MacIntyre: I’m almost reluctant to

say what I’m about to say because I

believe in physiology, but I remember

Art Slutsky had a paper called the

seduction of physiology.5 Basically,

the point was that physiology is fasci-

nating, can be very instructive, and

should lead us down investigative

pathways but should be used with cau-

tion as a major study endpoint. Going

back to the ARDSnet trial in 2000,6

which I’m sure everyone here is famil-

iar with, the physiology got a lot better

in the people with larger tidal volumes

and that’s because for at least a day or

two the big tidal volumes probably did

do some additional recruitment and

the PO2
and compliance got better. But

lo and behold, lurking in the back-

ground, was developing ventilator-

induced lung injury that was going to

kill those people. A great example of a

fundamental disconnect between

short-term physiology and outcome.

Again, I really think physiology is im-

portant for understanding disease proc-

esses and guiding how we write

guidelines, but I want to throw out

that word of caution to be careful.

Sometimes the price you pay for a

small physiological benefit short over

a short period of time turns out to be a

lot more than you realize.

Walsh: One of the things I think

we’ve always tried to do is to look for

a silver bullet, we look for one mea-

surement to tell us the answer to PEEP

titration. To Brady’s [Scott] point,

ESOPHAGEAL MANOMETRY

790 RESPIRATORY CARE � JUNE 2020 VOL 65 NO 6



we’ve done the same thing with CO2

elimination, we’ve used that to titrate

PEEP (best CO2 elimination), that

measurement is readily available on

lots of ventilators and you don’t have

to place a catheter, but it (CO2 elimi-

nation) also died over time and I don’t

know why.

Blanch: This is a clear example

that, if we want to go to precise and

personalized medicine, esophageal

manometry will help some patients but

not all. Then, the problem is to trans-

late all this physiology at the bedside.

Like you said Neil [MacIntyre], what

does it mean a small improvement in

oxygenation? Likely is physiologically

more important an improvement in

ventilatory efficiency. Bedsides, we

need to evaluate the effect on these

two measurements.

Goligher: I was meeting with Art

last week because we’re working on a

trial design using physiology to select

subjects, so I think he’s still being

seduced by it despite that paper.5 He

said to say hello, by the way.

MacIntyre: It seduces all of us.

Goligher: Yes, that’s why we’re

here I guess. To build on your point,

I believe the physiology is relevant

where it’s mechanistically linked to

the pathway that drives outcome. So

with respect to lower tidal volume

ventilation, oxygenation is not partic-

ularly relevant to the mechanism by

which lowering tidal volume impacts

outcome. On the other hand, oxygen-

ation might be on the pathway that

determines whether higher PEEP

recruits the lung and relieves lung

stress to improve outcome. The im-

portant thing is for us to understand

what’s actually driving the outcome

and then what markers physiologi-

cally will reflect that pathway. For

example, the reason I’m excited

about esophageal manometry in

spontaneous breathing is because I

really believe that insufficient or ex-

cessive expiratory effort drives dia-

phragm injury and that, in turn,

drives clinically important outcomes.

So potentially using the balloon or

any other technique to monitor

inspiratory effort could be a way of

avoiding that problem and then

improving outcome. We need to

draw really clear line between what

we’re monitoring and the mechanism

that drives outcome. If you can con-

nect those 2 dots you’ll get massive

buy-in. But for esophageal manome-

try, to this point, we really haven’t

been able to connect those 2 dots.

Branson: Realizing there are a lot

of differing practice around the table,

in the ICU you last worked in for a

year and were clinically active how

many people had one patient in the

ICU that had an esophageal monitor

every day?

MacIntyre: In the ICU, did you use

it at least once?

Branson: No, however many

patients you have in your ICU, how

many times did you have an esopha-

geal catheter in a patient every day?

Three, the guys from Toronto.

Scott: We use it but we don’t use it

every day.

Branson: How many of you used it

at least once a week in your ICU?

Nobody. How about once a month?

Five. How about less than once a month

but still used it at all? Three. How about

never? One. It’s just interesting in a

group of experts to see who does and

who doesn’t use it. I’m with Dean, I

don’t think you can underestimate

regardless of his experience or my expe-

rience, the average RT is very intimi-

dated about placing these catheters.

Goligher: I’m curious, with that ex-

perience you’re speaking to, in what

percentage of patients would you say

you couldn’t get measurements or

couldn’t trust them?

*Hess: I’d say very few, but there

have been patients where I have spent

an hour getting it in and positioned

correctly.

Branson: I think the technical chal-

lenge goes beyond that because it’s

not just placing it but making sure it

stays in position. You gave an excel-

lent presentation, but how many aver-

age clinicians understand how much

air has to go in the balloon? That was

one of the advantages to the Bicore,

that it maintained balloon volume. But

all the ventilators do is display esopha-

geal pressure, there’s no maintenance

of the volume of the balloon. It’s more

technically complex than we, in gen-

eral, give it credence.

Smallwood: Although I raised my

hand at only using the esophageal bal-

loon a handful of times, I must admit it

was mostly an excuse to use higher

PEEP. It was a larger kid coming into

the ICU and we said, ‘hey let’s do

something that can assuage our con-

cerns about blowing this kid up’. So

you put in an esophageal balloon and

crank the PEEP up. I’m making light

of my experience, but I think you see

the point. Often we start with a piece

of technology and then try to figure

out how best to use it to improve me-

chanical ventilation. Has this been the

case for esophageal manometry? I

don’t know. But on the other hand, we

can start with a problem and then work

backward to find the optimal technol-

ogy. In the context of asynchrony, we

have a lot of options to detect what’s

happening with our patients, and you

spoke to a handful of them: electri-

cal activity of the diaphragm, wave-

form analyses, whether automated or

not, and esophageal balloon manome-

try. All of these offer a mechanism to

assess asynchrony. Of these three

options though, which one is the most

attractive? One could make the case
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that it should be simply waveform

analysis since this option requires no

additional technology, or lines, or

tubes. All you need is some software

and the ventilator that your patient is

already connected to. With all that

said, I don’t want to throw away the

esophageal manometer just yet. In his-

tory we see that whenever a technol-

ogy becomes available to help us get a

new view of our patient’s physiology

it can take a lot of time before it’s use

comes to the surface. Esophageal ma-

nometry has been around for at least

20 years, and that sounds like forever.

But the time period between when the

electrocardiogram was first discovered

and when it was actually used in clini-

cal practice was over 100 years. I just

want to maintain some optimism for

the technology as we diligently work

towards understanding where this fits

in, perhaps a more precise definition

of the patient cohort who gets it is a

start. That would be nice since then

we hopefully don’t have these trials

designed where everybody who’s ever

seen a ventilator gets a probe when

maybe only 5% of mechanically venti-

lated patients will turn out to have a

benefit.

Pham: I think one of the major

challenges that could help esopha-

geal manometry to progress would be

to select proper conditions and

patients that might benefit from it.

Likely obese patients; I suppose any

patients who have chest wall issues,

those with abdominal hypertension,

and maybe the most severe ARDS

patients. Regarding technical chal-

lenges, when I arrived in Toronto in

2016 I had never seen an esophageal

manometer or placed one; I was com-

pletely naı̈ve. I saw they actually used

it on a daily basis and was amazed

that after some teaching all of the

RTs were familiar with the technique:

they insert the balloons, they don’t

even ask, when the patient meets the

criteria in the ICU they insert the bal-

loon, do all the measurements and

send them to us. Of course I helped

with some insertions and did some

myself and it was actually easier than

I thought. I was kind of afraid of

using it at first, but I think when

everybody is trained, optimistic and

wants to move the technique forward

it creates this nice atmosphere to use

it. And as with any technique the

more you use it, the more you under-

stand, the more you want to use it,

and it creates a virtuous cycle.

Piraino: One last comment, now

that we have EIT in the ICU and RTs

are putting that on, they’re realizing

it’s a lot simpler than placing an

esophageal balloon and now all of a

sudden they’re asking, ‘can we put

EIT on?’ and we should probably put

the balloon in, we have a form that

we fill out for all of our hypoxemic

patients, but now they’re starting to

ask for EIT before esophageal ma-

nometry. So although they’ve

become very comfortable and com-

petent at putting in the balloon they

still, when they see something that’s

slightly easier that gives them valua-

ble information, they’re already

gravitating towards it.

Pham: We have an ARDS registry

in Toronto which is filled in by the

RTs. It looks like a lot, but a lot of the

measurements are automated on a

PDF document. You input the ventila-

tor settings, then you insert the bal-

loon, then they do the measurements

at different levels of PEEP.
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