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 INTRODUCTION
       The measurement of Trans pulmonary Pressure (PTP), i.e. the 
difference between alveolar pressure and pleural pressure (PPL), is 
the best conceptual step to monitor the effective pressure transmit-
ted to the lung itself [1]. Because PPL is difficult to measure directly 
in the clinical setting, several physiological studies suggested that 
Esophageal Pressure (PES) could be used as a surrogate of PPL in 
adults, while airway pressure is measured in the ventilator circuit 
[2-5].
         More recently, a few studies performed in adults demonstrat-
ed a potential benefit of PES monitoring in ventilator management. 
This measurement has been shown to be helpful in optimizing pa-
tient-ventilator interaction [6], for the titration of Positive End-Ex-
piratory Pressure (PEEP) [7], and in the weaning management [8]. 
In children, although the literature in this field is scarce, the recent 
international consensus conference on pediatric acute respirato-
ry distress syndrome PALICC [9] stresses that PES measurement 
could be useful, but there is no evidence regarding the method used 
to measure and interpret this value. 
     Despite data demonstrating usefulness of PES measurement in 
critically ill patients, several confounding factors that can affect the 
accuracy of PES have been highlighted in the literature [10-13]. 
To compensate for these factors, some authors apply a correction 
factor to estimate PPL [10,12,14], but the use and the level of the 
correction factor is still controversial [15,16]. In addition, due to 
the pediatric population heterogeneity in terms of age, weight, and 
conditions modifying the chest wall activity, we hypothesize that 
PES varies importantly from a child to another. In this specific pop-
ulation, the way to measure PES as a tool to estimate PPL needs 
first to be validated before exploring its potential utility in future 
clinical studies. 
       This study aims to determine whether PTP can be measured 
in children using PES as a surrogate of PPL. To reach this goal, we 
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ABSTRACT
        Objectives: This study aims to determine whether Trans pulmonary Pressure can be measured in children using Esophageal Pressure 
as a surrogate of Pleural Pressure (PPL). To reach this goal, we wanted to validate the reliability of two Esophageal Pressure recording 
methods compared to direct PPL measurement in situ.
Study design - This is a prospective study. 
       Methodology:  Mechanically ventilated children were included if they had at least one chest tube. PPL was directly measured into the 
existing chest tube (PCH-TUBE). Esophageal Pressure was measured by two methods: a catheter mounted pressure transducer system 
(PES-REF) and the preexisting nasogastric feeding tube pulled out in order to be located in the mid third of the esophagus (PES-FT).
        Results: Twelve patients were enrolled, and eight patients (median age: 4 months) were included in the analysis. For each method, 
the 2 measurements obtained with the same method were concordant. In the Bland-Altman analysis, the limits of agreement were wide 
for all between-method comparisons, from +/- 8 to +/- 15 cmH2O.
        Conclusion: Prior to consider its use in clinical practice, in particular for the titration of the ventilator support, it is essential to conduct 
more research in order to validate the measurement technique of Esophageal Pressure and confirm that it can accurately reflect the PPL.
Keywords: Mechanical Ventilation; Pleural Pressure; Esophageal Pressure; Work of Breathing; Pediatric Intensive Care Unit

wanted to validate the reliability of two PES recording methods 
compared to direct PPL measurement in situ.
METHODS
       This is a prospective study, conducted in the Pediatric Intensive 
Care Unit (PICU) of CHU Sainte-Justine, a university affiliated pedi-
atric hospital, from November 2016 to September 2017. The study 
protocol was approved by the Ethics Committee of CHU Sainte-Jus-
tine and written informed consent was obtained from the parents 
or legal tutor.
Patients
      Consecutive children aged between 7 days and 18-years old 
admitted to the PICU, intubated and mechanically ventilated were 
eligible in the study. The screening was performed by a research 
assistant every working day. Eligible patients were included if they 
required invasive ventilation for more than 4 hours according to the 
prescription of the attending physician and they had at least one 
chest tube. Patients were excluded if they had one of the following 
criteria: (i) contraindications to the placement of a new nasogastric 
tube, (ii) hemodynamic instability, (iii) severe respiratory instabil-
ity, (iv) persistent pleural effusion or pneumothorax despite the 
chest-tube, (v) bronchopleural fistula, (vi) recent thoracic hemor-
rhage, (vii) delayed sternal closure at the time of study, (viii) Sig-
nificant pericardial effusion and (ix) if a limitation of life support 
treatments was discussed or decided. Detailed inclusion and exclu-
sion criteria are given in Supplementary Material.
Protocol and data analysis 
      After verification of the permeability of the chest tube and ab-
sence of active air leak or pleural effusion, Pleural Pressure in the 
chest tube (PCH-TUBE) was directly measured by a pressure trans-
ducer connected through a needle inserted into the existing chest 
tube, as close as possible to the patient, and the tube was occluded 
distally to the needle. The position of the chest tubes was not con-
trolled for, and they had multiple lateral holes. The tube was flushed 



by 0.5-1 ml of air in order to eliminate potential secretions (paten-
cy of the column of air) before the measurements, which were ob-
tained after pressure equilibrium. 
         Esophageal Pressure was measured by 2 methods. The refer-
ence esophageal pressure (PES-REF) was measured using a 2.1-mm 
external diameter catheter mounted pressure transducer system 
with two integrated pressure transducers, mounted 5 and 25 cm 
from the distal tip (Gaeltec®, Dunvegan, Isle of Skye, the UK) insert-
ed nasally. The placement of the PES transducer was first estimated 
with the distance from the bridge of the patient’s nose, to the ear 
lobe and down to the xiphisternum. The appropriate position was 
checked by the presence of (i) cardiac oscillations on the PES trace, 
(ii) a positive PGAS value during a gentle pressure on the abdomen 
and (iii) a negative deflection during inspiration in spontaneous 
breathing patients. The occlusion test during a chest compression, 
as suggested by Baydur et al., was not performed in case of recent 
cardiac surgery  [17]. 
        The second esophageal pressure method tested was based on 
the feeding tube (PES-FT). After the removal of the Gaeltec probe, 
the preexisting nasogastric feeding tube was pulled out in order 
to be located in the mid third of the esophagus, according to the 
feeding tube position checked on the last available chest X-ray. The 
nasogastric tube was connected to a pressure transducer and gen-
tly flushed with 5 ml of air before the pressure measurement. After 
measurements, the nasogastric tube was repositioned in gastric 
position.
        All the signals were simultaneously recorded using an acqui-
sition system (NeuroVent Monitor XIII), run on a PC computer and 
displayed and analyzed using a specific software (NeuroVent Re-
search, Toronto, Canada). PCH-TUBE, PES-REF, and PES-FT were 
calculated as the average of the end-expiratory values of all con-
secutive breaths observed during two stable periods of 10 seconds 
each (exempt of intervention or artifacts).
        The patients were supine, with the head of bed elevated to 30 
degrees, as a routine matter, and sedated according to the attend-
ing physician instructions. During the entire study, “usual” modifi-
cations of settings (e.g. adaptation of assist level, changes in FiO2 
or Positive End Expiratory Pressure, etc.) considered by the clinical 
team were permitted and recorded. 
        Demographic data and patient characteristics, including age, 
gender, weight, time of measurements, admission diagnostic and 
comorbidities, Pediatric Risk of Mortality (PRISM) and Pediatric 
Logistic Organ Dysfunction (PELOD) scores were collected. 
Statistical Analysis
         Data were expressed as median values (with interquartiles, 
IQR) for continuous variables, and number and/or frequency (%) 
for categorical data. Pearson’s determination coefficient (R2) was 
used to evaluate the relationship between the values measured 
during the 2 periods with a given method. A correlation was con-
sidered as poor, moderate, good and excellent if R2 was lower than 
0.5, between 0.5 and 0.75, between 0.75 and 0.9 and greater than 
0.9, respectively [18]. Comparisons between PCH-TUBE and PES-
REF, PCH-TUBE and PES-FT,  and PES-FTL and PES-REF  followed 
the method proposed by Bland and Altman, with the calculation of 
the mean difference and its agreement limit of 95% [19]. All p-val-
ues are two-tailed and considered significant if p <0.05. Statistical 
analyses were performed using SPSS 24.0 (SPSS, Inc, Chicago, IL).
RESULTS
Study population
         Twelve patients reached inclusion criteria and were enrolled. 
Four patients were a posteriori excluded because of technical prob-
lems preventing the analysis of the recordings. Exploitable signals 
were fully available in 8 patients, who were included in the analy-
sis. Median age of patients included was 4 (IQR: 1-4) months and 5 
were males. They were studied 2 (1-3) days after PICU admission. 
The patient characteristics are presented in Table 1. The patients 
were relatively deeply sedated or paralyzed at the time of the study, 
and spontaneous breathing activity was usually not observed on

PES or PCH-TUBE tracings.
Esophageal and Pleural Pressures Analysis
        An example of recording is illustrated in Figure 1. Median 
PES-REF and PES-FT were 3.6 (2.1-7.0) and 8.2 (5.3-9.7) cmH2O, 
respectively. The median PCH-TUBE was 8.1 (2.1-9.7) cmH2O. For 
each method, the 2 measurements conducted with the same meth-
od were concordant. The determination coefficient was 0.64, 0.95, 
and 0.88 for PCH-TUBE, PES and PES-FT, respectively (Figure 2).
     We analyzed between-method agreement using Bland-Altman 
plots (Figure 3). The mean difference (bias) was 0.0 cmH2O be-
tween PCH-TUBE and PES-REF, -1.0 cmH2O between PCH-TUBE 
and PES-FT, and -2.4 cmH2O between PES-FT and PES-REF. The 
limits of agreement were wide: (-8.5-8.6) cmH2O between PCH-
TUBE and PES-REF, (-15.7-13.8) cmH2O between PCH-TUBE and 
PES-FT, and (-12.8-8.1) cmH2O between PES-FT and PES-REF.
DISCUSSION
       In this study, the observed differences between PES and PCH-
TUBE are much greater than the value considered as clinically rea-
sonable, especially to guide mechanical ventilation and PEEP titra-
tion. Indeed, a cutoff error value < 2 cmH2O was a priori defined 
as acceptable to set PEEP, by a panel of pediatric intensive care 
physicians during the preparation of this study. In our cohort, the 
difference between PCH-TUBE and PES-REF was > 2 cmH2O in 6 of 
8 patients. We therefore failed to confirm that PPL could be reliably 
estimated based on the PES. While PES measurement is classically 
based on a specific esophageal probe or balloon, we also tested if a 
simpler and less invasive method could provide results as accurate 
as with the Gaeltec probe. As most critically ill children have a naso-
gastric tube, we attempted to use this device for PES measurement 
after appropriate positioning in the mid third esophagus. Again, we 
failed to show that this simpler method was a reliable estimate of 
PES-REF.
           For decades, PES has been considered a good surrogate of PPL. 
This assumption is based on the notion that pressure in the adja-
cent pleura is transmitted to the esophagus 20,21. Importantly, PES 
measurement is one of the reference method to assess the work of 
breathing during spontaneous or assisted ventilation. PES swings 
and the area under the PES curve during inspiration (i.e. Esopha-
geal Pressure-Time Product) accurately provide a very good reflec-
tion of the amount of respiratory muscle work, with several rele-
vant clinical applications in children 22,23. Those PES-derived data 
are not based on the absolute PES values, but rather on the relative 
variations. However, the accuracy of the estimation of PPL by PES 
when absolute values are used (e.g. for titration of the ventilatory 
support) is much more complex and questionable, in particular be-
cause the zeroing of the method is not simple. Despite PES changes 
have been shown to be similar to PPL changes, absolute values of 
PES tend in general to be less negative than PPL both in adults 5 
and preterm babies 24. Several confounding factors could affect 
the accuracy of PES measurement. The position of the balloon in 
the esophagus 3, the presence of asymmetrical lung disease 4, the 
amount of air or liquid to inflate the balloon and its compliance 20 
or the posture of the patient 25 are factors well-known to impact 
the estimation of PPL by PES. Indeed, the pressure vector gener-
ated by the weight of the mediastinal structures has a significant 
influence on PES 12,13. To compensate for these artifacts, some au-
thors suggest a correction factor that should be applied to interpret 
PES measurement, but the use and the level of the correction factor 
is still controversial 12,16,26. Regardless of uncertainties about the 
interpretation of PES, all these artifacts have been considered to be 
within a clinically acceptable range in adults and PTP measurement 
is now advocated by some experts to identify the optimal ventilator 
settings in clinical practice 7,27. Indeed, PTP, obtained from abso-
lute values of PES, is the pressure variable that is the most closely 
correlated with lung strain and the risk of ventilation induced lung 
injury 28. The monitoring of PTP is therefore attractive to manage 
mechanical ventilation. As suggested in the study by Talmor et al., 
oxygenation and compliance were improved when PEEP titration 
was guided by PTP in patients with Acute Respiratory Distress 



Syndrome 7. Although PES and PTP could have a greater potential 
interest to guide mechanical ventilation in children given the heter-
ogeneity of the pediatric population, the literature is scarce in this 
field 29. We could legitimately hypothesize that some of the con-
founding factors described in adults could have a great importance 
in the pediatric population given their anatomical and physiologi-
cal specificities. The between-method differences were huge in our 
study, and clearly beyond an acceptable error when titrating the 
ventilation. For example, pediatric intensivists would not accept an 
error of >2 cmH2O when adjusting the level of PEEP. A systematic 
bias was not the main issue, but rather the wide limits of agree-
ment. A compensation by a given corrective factor, as sometimes 
done in adults, would therefore not help.
      Of course, our study may be limited by important technical is-
sues, although our results highlight that the monitoring of absolute 
values of PES as a surrogate of PPL is greatly complex in children. 
The direct measurement of PPL in situ is technically difficult, al-
though previous data have been reported in adults [30,31] and 
newborns [24,29]. The site of measurement in the pleural space is 
important. Yoshida et al. recently demonstrated in an animal mod-
el and in human cadavers that the pleural pressure difference be-
tween dependent and non-dependent regions could reach [8-10] 
cmH2O [32]. Important discrepancies between PES and PPL were 
also observed in this study, depending on the transducer position. 
However, PES closely reflected the PPL of regions adjacent to the 
esophagus (dependent to middle lung). In our study, we could not 
control for the chest-tube position. The chest-tubes had multiple 
holes, theoretically limiting the magnitude of the problem, and 
providing an intermediate value. But the patency of the different 
holes could not be ascertained, and this may explain part of the dis-
crepancy observed. Occlusion of the drain by secretions can cer-
tainly impact the measurements. We tried to avoid this problem 
by flushing some air prior to the measurement, although it is still 
possible that residual secretions interfered with the column of air. 
As illustrated in the Figure 1, the pleural signals were frequently 
attenuated in our cases. The adequate transmission of the pres-
sure variation within the breathing cycle is an important criteria 
for the accuracy of the pressure measurement [33]. It is probable 
that the pressure transmission was not excellent over time with our 
method. However, we consider that the equilibrium obtained after 
the little injection of air likely reflected the pressure in the pleural 
space at least for this brief recording time. Due to the attenuation 
of the intra-breath pressure changes, we could not reliably assess 
the relationship between the different pressures at end inspiration. 
The presence of pleural effusion can also alter PPL recordings, but 
this was excluded in our cases.
           The methods used to measure the esophageal pressure need 
also to be discussed. As opposed to the esophageal balloon tech-
nique, the use of a catheter-mounted miniature pressure trans-
ducer like the Gaeltec probe allows to eliminate the effect of the 
esophageal wall and the impact of the mechanical properties of the 
balloon on measurements, as well as the influence of the volume of 
air injected in the balloon. However, the measurement of absolute 
values of PES has been previously questioned by Stell et al. [34] and 
Beda et al. [35]. In addition, in our study, the protocol to check the 
position of the Gaeltec probe was limited by the clinical context (no 
airway occlusion nor chest compression). Since the Baydur meth-
od 17 was impossible to perform, the position of the catheter was 
estimated by the nose to ear to xiphisternum distance and verified 
by the presence of cardiac oscillation on the PES trace. However, we 
consider that the impact of such limitation is small as compared to 
the great difference we observed between PCH-TUBE and PES. 
         The alternative method to measure PES using the feeding tube 
was tested in an attempt to obtain  a very simple method, based on 
material already in place in most patients, and easy to implement in 
any condition. Previous data in adult patients have shown that a flu-
id filled tube could be relatively accurate to estimate PES [36]. We 
rather tested an air-filled catheter for two reasons. First, we expect-
ed that the signal would be attenuated after a few minutes, but our 
goal was to obtain a brief estimation of the PES (rapidly after the 

air flush), not a continuous monitoring. Second, we thought that air 
flush would be more easily accepted by the parents and the treat-
ing teams. A posteriori, the attenuation of the pressure fluctuations 
rapidly after the flush makes it difficult to ascertain the adequate 
pressure transmission. The alteration of the feeding tube patency 
by gastric secretions, or by feeding formula or enteral medications 
may also have plaid a role. Further studies should look at the accu-
racy of fluid-filled feeding tube.
       Other limits of our study include the single-center design, the 
small sample size, and the heterogeneity of the patients. Important-
ly, most children were younger than one year of age, and it is uncer-
tain if our findings are generalizable to older children. End-inspir-
atory and end-expiratory pauses have not been applied, precluding 
the complete elimination of the resistance influence at zero flow. 
       The methods that we used in this study to record esophageal 
pressure had clear limitations and we may wonder if balloon cath-
eters would have provided better results. We did not use balloon 
catheters in this study, because we had an important experience 
with the Gaeltec probe and because of the major sensitivity of the 
esophageal balloon filling on the pressure measurements. Howev-
er, filling titration methods have been described to overcome this 
problem [37,38]. The optimal filling volume can be determined as 
the volume which provides the most accurate esophageal pressure 
swing [33]. In a bench model, Hotz et al. also described a plateau in 
the relationship between balloon inflation and PES measurements 
[38]. Around this optimal filling volume (0.2 – 0.6 ml), the cathe-
ter accurately reflects the PES in the bench model. This promising 
approach could solve several problems that we encountered, but it 
should be validated in a clinical context. In particular, small impre-
cision in inflation could probably link to clinically significant errors 
in esophageal pressure estimation.
CONCLUSION
       The recent international consensus conference on pediatric 
acute respiratory distress syndrome PALICC 9 stresses that PES 
measurement could be useful, mostly based on data extrapolated 
from adults, although more research and validation in this field 
were advocated. Our results suggest that prior to consider its use 
in clinical practice, in particular for the titration of the ventilatory 
support, it is essential to conduct more research in order to val-
idate the measurement technique of PES and confirm that it can 
accurately reflect the PPL. This is far from what we observed in our 
series. Awaiting those future studies, we argue for prudence, and 
suggest not using PES for the titration of ventilation support in chil-
dren outside a research context.
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Figure 1. Tracing of a patient showing comparison between PCH-
TUBE and PES-REF (step 1, panel A) and between PCH-TUBE and 
PES-FT (step 2, panel B). Pressures were calculated as the average 
of the end-expiratory values of all consecutive breaths observed 
during two stable periods of 10 seconds each (circles).



Figure 2: Relationships between the 2 consecutive measurements 
performed for each method: PCH-TUBE (panel A), PES-REF (panel 
B) and PES-FT (panel C); the first measurement is on the vertical 
axis and the second on the horizontal axis.

Figure 3. Bland-Altman plots to assess concordance between 2 dif-
ferent methods of measurement: between PCH-TUBE and PES-REF 
(panel A), between PCH-TUBE and PES-FT (panel B) and between 
PES-FT and PES-REF (panel C).

MV: Mechanical Ventilation; NAVA: Neurally Adjusted 

Ventilatory Assist; PSV: Pressure Support Ventilation; VCRP: 

Pressure-Regulated Volume Control; VC: Volume Control

Data are expressed as median (25-75 interquartile range) or 

n (%). 

Table 1: Characteristics of the population (n=8)

Total

n=8

Age (m) 4 (IQR 1-4)

Weight (kg) 5.1 (4.6-5.4)

Male, n (%) 5 (63)

Days between admission and 

inclusion
2 (1-3)

Days between MV initiation and 

inclusion
2 (1-3)

Main reasons for PICU 

admission, n

Cardiac postoperative 

admission
7

Respiratory failure 1

Chronic condition

Congenital cardiac disease, n 

(%)
7 (83)

Clinical status

PIM-2 score 7.5 (4.4-7.5)

PELOD score 11 (2-14)

pH 7.39 (7.35-7.44)

PaCO2, mmHg 44.3 (36.8-48.0)

HCO3-, mmHg 25.6 (23.5-27.7)

Lactates, mmol/L 1.2 (1.1-1.6)

Hemoglobin, g/L 12.4 (10.7-14.0)

Hemodynamic status

Pulse, min-1 141 (120-152)

Mean Arterial Pressure, mmHg 63 (57-69)

Vasoactive drugs, n (%) 2 (25%)

Ventilator modes and settings

PRVC, n (%)

VC, n (%)

NAVA, n (%)

PSV, n (%)

2 (25)

3 (38)

1 (13)

2 (25)

Positive End-expiratory 

Pressure, cmH2O
5 (5-6)

FiO2 0.40 (0.35-0.51)

Respiratory status

SpO2, % 100 (98-100)

Set RR, min-1 30 (25-35)

VT, ml/kg 6.8 (6.3-7.0)

Outcome

Duration of mechanical 

ventilation, d
4 (1-5)

Length of stay in PICU, d 5 (3-11)


