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Abstract 

Background - This study aims to determine whether Transpulmonary 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. 

Methods - This is a prospective study. Mechanically ventilated children were included if they 

had at least one chest tube. PPL was directly measured into the existing chest 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 (median age 3 months, (IQR: 1-4)) were enrolled. For each method, the 

2 measurements conducted with the same method were concordant. In the Bland-Altman test, the 

limits of agreement were wide, larger than +/- 10 cmH2O for all between-method comparisons. 

Conclusion - 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 validate the measurement 

technique of Esophageal Pressure and confirm that it can accurately reflect the PPL. 
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Introduction 

The measurement of Transpulmonary Pressure (PTP), i.e. the difference between alveolar pressure 

and pleural pressure (PPL), is the best conceptual step to monitor the effective pressure transmitted 

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 demonstrated a potential benefit of PES 

monitoring in ventilator management. This measurement has been shown to be helpful in 

optimizing patient-ventilator interaction (6), for the titration of Positive End-Expiratory 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 respiratory 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 population, 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 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 pediatric hospital, from November 2016 to September 

2017. The study protocol was approved by the Ethics Committee of CHU Sainte-Justine and 

written informed consent was obtained from the parents or legal tutor. 
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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 instability, (iv) persistent pleural effusion or pneumothorax despite the chest-

tube, (v) bronchopleural fistula, (vi) recent thoracic hemorrhage, (vii) delayed sternal closure at 

the time of study, (viii) Significant pericardial effusion and (ix) if a limitation of life support 

treatments was discussed or decided. Detailed inclusion and exclusion criteria are given in 

Supplementary Material. 

 

Protocol and data analysis 

After verification of the permeability of the chest tube and absence of active air leak or pleural 

effusion, PPL was directly measured by a pressure transducer 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 tube was flushed by 0.5-1 ml of air in order to eliminate potential secretions 

before the measurements, which were obtained after equilibrium. 

Esophageal Pressure was measured by 2 methods. The reference 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) inserted 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 
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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 

gently 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 acquisition system (NeuroVent Monitor 

XIII), run on a PC computer and displayed and analyzed using a specific software (NeuroVent 

Research, Toronto, Canada). PPL, PES-REF, and PES-FT were calculated as the mean value at end-

expiration during two stable periods of 10 seconds each, with no 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 attending physician instructions. During the entire study, “usual” 

modifications 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 (R
2
)

 
was 

used to evaluate the relationship between the values measured during the 2 periods with a given 

method. A correlation was considered as poor, moderate, good and excellent if R
2
 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 PPL and PES-REF, PPL 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-values 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. The exploitable signals were finally 

available in 11 patients, who were included in the analysis. Median age of patients included was 
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3 (IQR: 1-4) months and 8 were males. They were studied 2 (1-3) days after PICU admission. 

The patient characteristics are presented in Table 1. All the patients were deeply sedated or 

paralyzed and they therefore had no significant spontaneous breathing activity detected 

according to the PES or PPL tracing at the time of the study. 

 

Esophageal and pleural pressures analysis 

Respectively, for 2 and 1 patient, PES-REF and PES-FT were impossible to analyze due to technical 

problems. Median PES-REF and PES-FT were 2.3 (1.8-5.4) and 7.9 (2.8-9.5) cmH2O, respectively. 

The median PPL was 4.0 (0.6-9.6) cmH2O. For each method, the 2 measurements conducted with 

the same method were concordant. The determination coefficient was 0.69, 0.95 and 0.83 for 

PPL, PES and PES-FT, respectively (Figure 1). 

As shown in Figure 2, the mean difference was 0.8 (-5.7-10) cmH2O between PPL and PES-REF, -

3.4 (-8.5-2.7) cmH2O between PPL and PES-FT, and 0.9 (-0.1-5) cmH2O between PES-FT and PES-

REF. The limits of agreement were wide, larger than +/- 10 cmH2O for all between-method 

comparisons. 

 

Discussion 

In this study, the observed differences between PES and PPL are much greater than the value 

considered as clinically reasonable, especially to guide mechanical ventilation and PEEP 

titration. 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 PPL and PES-REF was > 5 cmH2O in most 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 nasogastric 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 as reliable with the PES-REF. 

 

For decades, PES has been considered a good surrogate of PPL. This assumption is based on the 

notion that pressure in the adjacent pleura is transmitted to the esophagus (20, 21). Importantly, 
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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. Esophageal Pressure-Time Product) accurately provide a very good reflection of 

the amount of respiratory muscle work, with several relevant 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 because 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 generated by the weight of the mediastinal 

structures has a significant influence on PES (12, 13). To compensate for these artifacts, some 

authors 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 

absolute 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 was 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 heterogeneity of the pediatric population, 

the literature is scarce in this field (29). We could legitimately hypothesize that some of the 

confounding factors described in adults could have a great importance in the pediatric population 

given their anatomical and physiological specificities. The between-method differences were 

huge in our study, and clearly beyond an acceptable error when titrating the ventilation. For 

example, pediatric intensivist would not accept an error of 5 cmH2O when adjusting the level of 



! en!

PEEP. A systematic bias was not the main issue, but rather the wide limits of agreement. A 

compensation by a given corrective factor, as sometimes done in adults, would therefore not 

help. 

 

Of course, our study may be limited by technical issues, but our results confirm that the 

monitoring of absolute values of PES as a surrogate of PPL is greatly complex in children. As 

opposed to the esophageal balloon technique, the use of a catheter-mounted miniature pressure 

transducer 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. (30) and Beda et al. (31). 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). However, we consider that the impact of such 

limitation is small as compared to the great difference we observed between PPL and PES.  

The direct measurement of PPL in situ is also technically difficult, although some data have been 

reported in adults (32, 33) and newborns (24, 29). Indeed, the chest tube position, residual 

volume of pleural effusion, and/or potential secretions occluding the drain could lead to 

inaccurate measurements.  

Other limits of our study include the single-center design, the relatively small sample size, and 

the heterogeneity of the patients. 

  

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 validate 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 children outside a research context. 
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Figure legends 

Fig. 1 Relationships between the 2 measurements for each method: PPL (panel A), PES-REF (panel 

B) and PES-FT (panel C) 

Fig. 2 Bland-Altman plot to assess concordance between PPL and PES-REF (panel A), between PPL 

and PES-FT (panel B) and between PES-FT and PES-REF (panel C) 
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Table 1: Characteristics of the population (n=12) 

 
Total 

n=12 

Age (m) 3 (IQR 1-4) 

Weight (kg) 4.9 (3.8-5.4) 

Male, n (%) 8 (67) 

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 11 

Respiratory failure 1 

Chronic condition  

Congenital cardiac disease, n (%) 10 (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 43.8 (39.6-47.1) 

HCO3-, mmHg 25.7 (23.9-29.2) 

Lactates, mmol/L 1.2 (1.0-1.5) 

Hemoglobin, g/L 11.4 (10.4-14.1) 

Hemodynamic status  

Pulse, min
-1

 144 (125-155) 

Mean Arterial Pressure, mmHg 63 (60-71) 

Vasoactive drugs, n (%) 4 (33%) 

Ventilator modes and settings  

PRVC, n (%) 

PC, n (%) 

VC, n (%) 

NAVA, n (%) 

3 (25) 

2 (17) 

3 (25) 

1 (8) 
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PSV, n (%) 2 (17) 

Positive End-expiratory Pressure, cmH2O 5 (5-6) 

FiO2 0.40 (0.38-0.53) 

Respiratory status  

SpO2, % 100 (98-100) 

Set RR, min
-1

 28 (24-36) 

VT, ml/kg 6.8 (6.5-7.1) 

Outcome  

Duration of mechanical ventilation, d 3 (1-5) 

Length of stay in PICU, d 5 (3-10) 

MV: Mechanical Ventilation; NAVA: Neurally Adjusted Ventilatory Assist; PC: Pressure 

Control; PSV: Pressure Support Ventilation; VCRP: Pressure-Regulated Volume Control; VC: 

Volume Control 

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

!
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Fig. 1 
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Fig. 2
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gastric pressure (PGAS) have been shown to be useful to optimize the

ventilatory management in adult 11–13 and pediatric patients 10,14–20

with acute respiratory failure by optimizing the decrease in respiratory

effort and/or improving the patient-ventilator synchrony. PES

measurements allowed determining the optimal CPAP level in infants

admitted to the PICU for an acute bronchiolitis,16 respiratory distress

syndrome,14,21 severe upper airway obstruction,17 or the optimal

NIPPV ventilation settings in pediatric patients with acute moderate

hypercapnic respiratory failure.10 However, there is a lack of studies

evaluating the usefulness of PES monitoring to initiate, continue or

withdraw NIV in infants with hypercapnic respiratory failure.

The aim of the present study was to assess the value of PES

measurements for determining the potential benefit with regard to the

reduction of respiratory effort as well as the optimal settings of NIV in

infants with hypercapnic respiratory failure admitted to the PICU in

whom the efficacy of NIV was uncertain on clinical parameters.

2 | MATERIALS AND METHODS

2.1 | Patients

This retrospective study was performed between January 2014 and

June 2015 in the PICU of Necker tertiary university hospital. The PICU

comprises 12 beds and admits amean of 500 children between the age

of 1 month and 18 years for acute medical conditions per year with

patients <2 years of age representing approximately 50% of the total

number of patients. All the consecutive patients <2 years old admitted

in the PICU for an acute or acute-on-chronic hypercapnic respiratory

failure were eligible and they were included if PES and PGAS

measurements were performed during their stay in PICU. PES

monitoring is not performed on a routine basis in our unit. However,

due to the presence of a respiratory physiology unit in our hospital, PES

and PGAS monitoring are performed as “routine care” for patients with

hypercapnic respiratory failure and an unpredictable response to NIV

on clinical noninvasive parameters such as clinical history and

diagnosis, gas exchange, breathing pattern (respiratory rate, symptoms

of respiratory distress), and heart rate. The study was approved by the

local institutional board (October 12th 2015).

2.2 | NIV equipment

NIV was delivered via a standard ICU ventilator (Evita Infinity v500,

Dräger, Lübeck, Germany) or a home ventilator (Trilogy 100,

Philips-Respironics, Murrysville, CA) and an individually adapted

industrial nasal mask (Soft Baby, Air Liquide Medical Systems, Antony,

France, or Nonny pediatric mask, AG Industries, St Louis, MO). In

patients already supported by NIV before the study period, NIV was

delivered by the ICU or home ventilator.

2.3 | Measurements

PES and PGAS were measured using a 2.1-mm external diameter

catheter mounted pressure transducer system with two integrated

pressure transducers, mounted 1 and 21 cm from the distal tip

(Gaeltec, Dunvegan, Isle of Skye, UK), inserted pernasally after local

anesthesia (Xylocaine, AstraZeneca, Rueil Malmaison, France). Appro-

priate placement of the pressure transducer was checked as

recommended.22 Transdiaphragmatic pressure (Pdi) was obtained by

subtracting on line the PES signal from the PGAS signal. All the signals

were recorded at 200Hz using an analogical/numeric acquisition

system (MP100, BIOPAC Systems, Inc, Goleta, CA), run on a PC

computer and displayed using AcqKnowledge software.

2.4 | Protocol

The study was performed during quiet breathing without sedation,

preferentially during natural sleep during a daytime nap, which

occurred in most infants approximately 1 h after the midday feeding.

The presence of the parents was encouraged, in order to decrease the

child's anxiety.

After the insertion of the esogastric catheter, the study started

with a 5 min-period of spontaneous breathing during which the

patient breathed spontaneously with oxygen if necessary to

maintain a pulse oximetry (SpO2) > 92%. After the spontaneous

breathing period, if the patient was previously on NIV, NIV was

started with the settings determined by the attending physician

according to the clinical parameters (NIVclin). This NIVclin had been

adjusted on the following criteria: decrease of symptoms such as

retractions and/or stridor, a SpO2> 95% in room air, the normaliza-

tion or greatest decrease in heart and respiratory rate, and the best

comfort, as assessed by the infant falling asleep or accepting the

NIV. After at least 10 min of stable breathing pattern, respiratory

parameters with PES and PGAS were recorded during 5 min.

Afterwards, a stepwise protocol was used for NIVphys: the first

setting was CPAP, which was progressively increased from 6

cmH2O to the level associated with the normalization or the greatest

reduction in PES and PGAS.
17 After at least 10min of stable breathing

pattern with the optimal CPAP pressure, respiratory parameters

with PES and PGAS were recorded during 5 min. After this CPAP

session, NIPPV ventilation was started with an expiratory pressure

corresponding to the optimal CPAP level and an initial inspiratory

pressure of 6 cmH2O, which was progressively increased to the

inspiratory pressure associated with the normalization or the

greatest reduction in PES and PGAS.
23 Inspiratory and expiratory

triggers were set to optimize patient-ventilator synchronization.

After at least 10min with a stable breathing pattern with the optimal

NIPPV settings, respiratory parameters with PES and PGAS were

again recorded during 5 min. During the study period, care was taken

to avoid non-intentional leaks, by maintaining the nasal interface

firmly on the face and by the use of a pacifier when possible.

Pulse oximetry (SpO2) was continuously monitored during the

study period and venous partial pressure of carbon dioxide (PvCO2)

was measured during spontaneous breathing and after at least 24 h

with the optimal NIV settings.

The breathing pattern and different PES and PGAS parameters

during spontaneous breathing, NIVclin and NIVphys were compared

for each individual patient.

2 | MORTAMET ET AL.
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Abstract 

Background - We aimed (i) to describe the characteristics of Patient-Ventilator Asynchrony in a population of 

critically ill children, (ii) to describe the risk factors associated with Patient-Ventilator Asynchrony, and (iii) to 

evaluate the association between Patient-Ventilator Asynchrony and ventilator free days at day 28.  

Methods – In this single-center prospective study, consecutive children admitted to the PICU and mechanically 

ventilated for at least 24 hr were included. Patient-Ventilator Asynchrony was analyzed by comparing the ventilator 

pressure curve and the Electrical Activity of the diaphragm (Edi) signal with (i) a manual analysis and (ii) using a 

standardized fully automated method. 

Results – Fifty-two patients (median age 6 months) were included in the analysis. Eighteen patients had a very low 

ventilatory drive (i.e. peak Edi < 2µV on average), which prevented the calculation of Patient-Ventilator 

Asynchrony. Children spent 27% (interquartile 22-39%) of the time in conflict with the ventilator. Cycling-off errors 

and trigger delays contributed to most of this asynchronous time. The automatic algorithm provided a NeuroSync 

index of 45%, confirming the high prevalence of asynchrony. No association between the severity of asynchrony 

and ventilator free days at day 28 or any other clinical secondary outcomes was observed, but the proportion of 

children with good synchrony was very low. 

Conclusion - Patient-ventilator interaction is poor in children supported by conventional ventilation, with a high 

frequency of depressed ventilatory drive and a large proportion of time spent in asynchrony. The clinical benefit of 

strategies to improve patient-ventilator interactions should be evaluated in pediatric critical care.  

 

Key words: mechanical ventilation; patient-ventilator asynchrony; patient-ventilator interaction; diaphragm 

function; pediatric intensive care unit; pediatrics. 
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Background 

Mechanical ventilation is commonly used in Pediatric Intensive Care Units (PICUs) [1]. Maintaining the patient’s 

own spontaneous breathing effort during ventilation is key. Assisted (or patient-triggered) ventilation may improve 

ventilation perfusion matching and forestall the development of ventilator-induced diaphragmatic dysfunction [2]. 

As the patient contributes in the ventilation, good interaction between the patient and the ventilator is essential.  

Children have higher respiratory rates, smaller tidal volumes and weaker inspiratory efforts when compared with 

adults, patient-ventilator synchrony is difficult to achieve in pediatric patients [3]. These can lead to a mismatch 

between the patient and the ventilator, defined as a patient-ventilator asynchrony (PVA). PVA includes the 

inspiratory and expiratory timing errors (delays between patient demand and ventilator response), efforts undetected 

by the ventilator, assist delivered in absence of patient demand, and double-triggering (two rapidly successive assists 

following a single effort).  

In critically ill adults, asynchronies occur frequently and are associated with prolonged ventilator support, sleep 

disorders, poor lung aeration, longer stay in the intensive care unit and mortality [4-9]. Pediatric data in this field are 

lacking. PVA seems frequent in PICU [10-13], but little is known about the risk factors of PVA and the association 

with patient outcome.  

In the present study, we aimed to describe the characteristics of PVA in critically ill children, to identify risk factors 

associated with PVA, and to evaluate the association between PVA and patient outcome.  

 

Methods 

This prospective observational study was conducted in the PICU of CHU Sainte-Justine, a university affiliated 

pediatric hospital, from August 2010 to October 2012. The study protocol was approved by the Ethics committee of 

CHU Sainte-Justine. 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 and mechanically ventilated for at 

least 24 hours were eligible. The screening was performed daily by a research assistant. Eligible patients reached 

inclusion criteria when presence of spontaneous breathing was evidenced by clinical respiratory efforts or by a 

respiratory rate sustainably higher than the set ventilator rate. Patients were excluded if they had one of the 

following criteria: chronic respiratory insufficiency with prior ventilatory support longer than 1 month, 

tracheostomy, neuromuscular disease, contraindications to nasogastric tube exchange (i.e., local trauma, recent local 

surgery, or severe coagulation disorder), suspected bilateral diaphragm paralysis, immediate post-cardiac surgery 

period, expected death in the next 24 hours, or a limitation of life support treatment.  

No modification of the ventilator settings was done for the study. The attending physicians set the ventilator mode 

and settings according to the local practices. Patients were ventilated with the Evita XL (Dräger, Lubeck, Germany) 

or the Servo-I ventilator (Maquet, Solna, Sweden). Sedation and analgesia were decided by the treating team, and 

usually involved a combination of benzodiazepines and opioids. There was no local written protocol regarding the 

ventilator management or the sedation during the study. The ventilation support was reassessed every 1 or 2 hours 
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by respiratory therapists according to local practice. At the time of the study, Neurally Adjusted Ventilatory Assist 

(NAVA) was not routinely used in clinical practice in our unit.  

 

Protocol 

PVA was recorded at two different times during the PICU stay. We obtained a first 30-minute recording in acute 

phase, i.e., as soon as possible after inclusion in the study and an esophageal catheter was installed to record the 

electrical activity of diaphragm (Edi). The second (pre-extubation) recording was performed during 15 min in the 4 

hours preceding extubation, if the Edi catheter was still in place.  

 

Data Recording  

PVA was analyzed by comparing the ventilator pressure curve and the Edi signal. Edi was recorded using a specific 

naso-gastric catheter (Edi catheter, Maquet, Solna, Sweden) connected to a dedicated Servo-I ventilator (Maquet, 

Solna, Sweden). This ventilator was used only to continuously process and record the Edi signal, the patient being 

ventilated with his own ventilator as before the study. The catheter was positioned according to the 

recommendations of the manufacturer as previously described [12, 14].  

Demographic data and patient’s characteristics, including age, gender, weight, time of measurements, admission 

diagnostic and comorbidities, Pediatric Index of Mortality (PIM) II and Pediatric Logistic Organ Dysfunction 

(PELOD) scores were collected. The sedation score was calculated for the 4-hour period preceding the first 

recording, as suggested by Randolph et al [15], using a score for which 1 point was given for the amount of each 

drug that would be equivalent to 1 hour of sedation in a nontolerant subject. The Comfort B scale was used to 

determine the level of comfort (comfort is better when score is lower). 

 

Clinical outcomes 

The primary outcome was the number of ventilator free days at day 28 (since intubation). Patients who died were 

considered having zero ventilation free day. The secondary clinical outcomes were first extubation success (no need 

for invasive ventilation support within 48 hours of extubation), duration of mechanical ventilation, and length of 

PICU stay.  

 

PVA manual analysis 

As previously described [12, 16, 17], for each recording, Edi and ventilator pressure curves were analyzed in a 

breath-by-breath manner over a continuous 5-minute period exempt of artifacts linked to agitation or patient care. 

Timings of the beginning and the end of inspiration and expiration phases on the Edi and the ventilatory pressure 

signals were semi-automatically identified: main timings were automatically identified, and a visual inspection was 

performed breath by breath, permitting to validate and/or adjust the timing cursors if necessary. All analyses were 

performed by two independent investigators. By comparing the ventilator and Edi timings, PVA was identified, 

including wasted efforts (clear effort observed on Edi with no ventilator assist), autotriggered breath (ventilator 

assist delivered in absence of Edi increase), double-triggering (two rapidly successive assists following a single 
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effort), and inspiratory trigger and cycling-off errors. As the response of the ventilator for triggering or cycling-off 

could be frequently either retarded or premature [12], we reported both types of asynchrony.  

The main PVA variable of interest was the percentage of time spent in asynchrony, calculated from the total 

duration spent in each type of PVA (wasted efforts, auto-triggering, double-triggering, trigger and cycling-off errors) 

divided by the duration of the recording. A priori, we defined severe PVA when the percentage of time spent in 

asynchrony was superior to the 75
th

 percentile of the entire cohort, i.e. the quarter of patients with the worst 

synchrony. 

 

PVA automatic analysis  

Asynchrony was also analyzed using a standardized automated method over the same period, to prevent inter-

observer variability and to avoid observer subjectivity[18]. Inspiratory and expiratory timings were fully 

automatically detected on ventilator pressure and Edi signals based on pre-determined thresholds (0.5 µV for Edi 

amplitude). Asynchrony was quantified using the NeuroSync index, a global index considering both inspiratory and 

cycling off errors. A higher NeuroSync index reflects worse asynchrony, and synchrony can be considered as poor 

when NeuroSync index exceeds 20%[19, 20].  

Sample size calculation 

Based on studies conducted in adults, we expected a difference in ventilator free days of 6 days. With a group 

distribution of 3/1 and a type-1 error risk of 0.05, the inclusion of 56 patients was necessary to achieve a power of 

80%. We planned to enroll a sample of 60 patients to take into account the attrition risk. 

 

Statistical Analysis 

Data are expressed as median values (with interquartiles, IQR) for continuous variables, and number and/or 

frequency (%) for categorical data. Differences for categorical variables were tested using chi-square or Fisher’s 

exact test. Differences in continuous variables were assessed by the non-parametric Mann–Whitney test, the paired 

t-test, or the Wilcoxon test.  

Patients with peak inspiratory Edi <2µV were a posteriori excluded in PVA analysis (both manual and automated) 

because the reality of the spontaneous activity in those patients appeared questionable, and the identification of PVA 

is complex. Intraclass Correlation Coefficient (ICC, two-way random model) were calculated to assess interobserver 

reproducibility for manual PVA analysis and to compare the results from the manual and the automatic methods. 

After confirmation of an excellent inter-observer agreement (ICC > 0.75), the averages of the two observer’s results 

were calculated and used in further analysis.  

The association of potential risk factors with severe PVA was studied by univariate logistic regression analysis. 

Non-collinear factors associated with a univariate association with p < 0.05 were included in a multivariate logistic 

regression. The relationship between PVA and clinical outcomes was described using univariate analysis.  

All p values are two-tailed and considered significant if p < 0.05. Statistical analyses were performed using SPSS 

24.0 (SPSS, Inc, Chicago, IL). 
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Results 

Study population 

During the study period, 2,090 patients were admitted in the PICU. Among the 406 eligible patients, 60 patients 

reached inclusion criteria and were enrolled (Figure 1). Exploitable signals were finally available in 52 patients, who 

were included in the analysis. Median age of eligible patients who were not included was 8 (1–48) months old, 

which is similar to analyzed patients (p=0.96). Twenty-two of these patients also had a second recording in the pre-

extubation period. The patient characteristics are presented in Table 1. They were studied 4 (IQR: 1-10) days after 

PICU admission.  

Eighteen patients had a very low ventilatory drive (peak Edi < 2µV on average), which prevented the calculation of 

PVA. As detailed in Table 1, these patients tended to be older, were affected less frequently by a respiratory disease, 

had a lower PaCO2 and a lower Comfort score as compared to patients with higher drive.  

 

Table 1: Characteristics of population (n=52). 

 

 

Total 

n=52 

Peak-Edi <2 µV 

n=18 

Peak-Edi >2 µV 

n=34 

Age (months) 10 (2-42) 21 (1-135) 6 (2-29) 

Weight (kg) 6.5 (4.3-17.4) 11 (4.8-38.4) 5.3 (4.0-12.0) 

Male, n (%)  31 (60%) 11 (61%) 20 (59%) 

Days between admission and inclusion 4 (1-10) 3 (1-7) 4 (1-10) 

Days between MV initiation and inclusion 3 (1-7) 2 (1-6) 4 (2-7) 

Main reasons for PICU admission, n (%)    

Respiratory failure 31 (60%) 5 (28%) 26 (76%) * 

Including bronchiolitis 11 (21%) 1 (6%) 10 (29%) 

Hemodynamic failure 3 (6%) 2 (11%)  1 (3%) 

Neurologic disorder 9 (17%) 6 (33%) 3 (9%) 

Metabolic disorder 2 (4%) 0 (0%) 2 (6%) 

Trauma 2 (4%) 2 (11%) 0 (0%) 

Post operative admission 5 (10%) 3 (17%) 2 (6%) 

Chronic condition, n (%)    

Respiratory disease 8 (15%) 2 (11%) 6 (18%) 

Cardiac disease 9 (17%) 3 (17%) 6 (18%) 

Neurogical disease 11 (21%) 4 (22%) 7 (21%) 

Immuno-oncologic disease 3 (6%) 0 (0%) 3 (9%) 

Clinical status    

PIM-2 score 1.7 (0.8-4.3) 2.3 (0.9-4.5) 1.6 (0.8-4.4) 
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PELOD score 2 (1-1) 1 (1-11) 1 (1-11) 

Set respiratory rate, min
-1

 25 (20-35) 23 (14-38) 31 (25-42) * 

Measured respiratory rate, min
-1

 29 (20-36) 20 (15-29) 34 (28-40) * 

pH 7.40 (7.35-7.42) 7.40 (7.36-7.43) 7.39 (7.34-7.43) 

PaCO2, mmHg 46 (42-53) 42 (38-47) 48 (45-57) * 

HCO3-, mmHg 28 (24-32) 27 (23-30) 30 (25-33) 

PEEP, cmH2O 5 (5-6) 5 (5-5) 5 (5-6) 

FiO2 0.35 (0.29-0.41) 0.30 (0.24-0.35) 0.35 (0.30-0.50) 

Comfort score 13 (10-15) 11 (8-13) 15 (12-16) * 

Score sedation 11 (6-21)  10 (1-14)  15 (6-25)  

Edi Analysis    

Peak inspiratory Edi, µV 3.6 (1.2-7.6) 1.1 (0.6-1.3) 6.6 (3.8-11.5) 

Tonic expiratory Edi, µV 0.7 (0.4-1.9) 0.4 (0.3-0.5) 1.1 (0.7-2.5) 

Edi: Electrical activity of the Diaphragm; MV: Mechanical Ventilation; PICU: Pediatric Intensive Care Unit; PEEP: 

Positive End-Expiratory Pressure. 

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

*: significant difference between the two groups (p<0.05) 

 

Magnitude of PVA 

A total of 9,806 breaths were analyzed with the manual method, with a median of 168 (IQR: 123-258) breaths 

analyzed per recording. The interrater agreement for PVA manual analysis was excellent, with ICC > 0.85 for all 

PVA parameters. The total proportion of time spent in PVA was 27% (IQR: 22-39) of the time. As illustrated in 

Figure 2, cycling-off errors and trigger delays contributed to most of this asynchronous time, respectively 12% 

(IQR: 8-15) and 11% (IQR: 8-16). Auto-triggered cycles, wasted efforts and double-triggering were also highly 

prevalent, with 2 (IQR: 0-3), 2 (IQR: 1-10) and 1 (IQR: 0-5) events per minute, respectively. In 26 patients (76%), 

more than 10% of the cycles were either non-detected, double-triggered or auto-triggered.  

 

Characteristics of patients with severe asynchrony 

Nine patients were considered as severely asynchronous, with a proportion of time spent in asynchrony > 75
th

 

percentile, i.e. > 39% of time (Table 2). Patients with severe asynchrony were younger (p=0.007), had more 

frequently a narrower and non-cuffed ETT (p=0.001 and p=0.019, respectively), and were less frequently ventilated 

in pressure-support ventilation (PSV, p=0.034). All but one of these patients were admitted for a respiratory failure 

as a first reason, and 5 of them had bronchiolitis. In the multivariate logistic regression model in which age, 

presence of a cuffed ETT, and PSV mode were tested, none of these variables were independently associated with 

severe PVA (all p>0.17).  

The patients with severe asynchrony were enrolled earlier in the PICU course (2 days (1-5) vs 8 (2-11), p=0.054), 

which must be considered while looking at the relationship between PVA and length of stay or ventilation duration.  
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Evolution of PVA 

As illustrated in Figure 3, when comparing the recordings from acute phase and pre-extubation phase, the level of 

PVA tended to decrease over time (p=0.01), and both period data were correlated (R
2
=0.41). Peak Edi increased 

between the 2 phases (p=0.01).  

 

Automatic analysis of PVA 

The automatic algorithm provided a NeuroSync index of 45% (32-70%), confirming the high prevalence of 

asynchrony. As shown in Figure 4, a good correlation was observed between NeuroSync index and the percentage of 

time spent in asynchrony derived from the manual analysis, with an ICC of 0.88.  

 

Outcome 

We did not observe any association between the level of asynchrony and neither ventilator free days at day 28, nor 

the secondary outcomes (Table 2). This holds true with the manual classification as severe PVA or not (Table 2), as 

well as with the automated NeuroSync Index (correlation with ventilation duration: R2= 0.12; p=0.58). None of the 

patient characteristics were associated with the duration of mechanical ventilation.  

 

Discussion 

The incidence of PVA is very high during pediatric conventional ventilation. As a whole, children spend about one 

third of the time in conflict with their ventilator. We described an a-priori defined group with severe PVA, but 

marked PVA was present even in the other children, and the proportion of children which could be considered as 

“well synchronized” is low. Besides, an unexpected form of bad interaction was observed, with the high prevalence 

of low ventilatory drive.  

The magnitude of PVA that we observed is in agreement with those previously described [10-12]. In a recent study 

conducted in a PICU, Blokpoel et al showed that PVA occurred in 33% of breaths [10]. These authors identified 

PVA using the analysis of ventilator waveforms, a method which has a low sensitivity [6]. We used the Edi signal 

which clearly facilitates the detection of PVA, in particular the calculation of timing errors for triggering or cycling-

off [3, 12, 13, 17, 21, 22]. We were therefore able to show that most of the time spent in asynchrony results from 

delayed or premature reactions of the ventilator. These timing errors are important, especially when the normal 

inspiratory time is frequently around 400ms in this population. We hypothesize that this delay in ventilator response 

is the consequence of small tidal volumes and short inspiratory and expiratory times in children as compared to 

adults. Although considered as the classical method [12, 17, 23], the breath-by-breath manual analysis of PVA could 

be criticized because of its dependency on an investigator, as well as being highly time-consuming. However, our 

findings were supported by the good agreement between the 2 independent investigators, and by the concordance 

also observed between the automatically calculated NeuroSync index and the manually calculated PVA.  

 

To date, no definition of severe PVA in children had been standardized. Some authors use the specific index described 



! 1n!

in adults by Thille et al [5, 24] and others the percentage of asynchronous breaths [3, 10, 12]. In the present study, we 

assessed the magnitude of PVA according to the time spent in asynchrony, because it illustrates well the burden of 

asynchrony while taking into account different types of patient-ventilator conflict [17]. More than three-quarters of 

the patients had more than 10% of wasted efforts, double-triggered, or autotriggered breaths, which accounts only for 

a part of the asynchrony index by Thille et al in adults [5]. Similarly, only 2 patients had a NeuroSync index <20%, 

which corresponds to an adequate synchrony in adults [19, 20]. The non-severe group can therefore not be assumed 

as “well synchronized”. In agreement with Blokpoel et al, who observed that only 20% children had an acceptable 

level of PVA [10], our study highlights that PVA is a major problem in PICU and concerns more than three quarters 

of the children, as opposed to one quarter of adult patients.  

 

Younger age, smaller tracheal tubes, and absence of a cuff on the tracheal tube were associated with severe PVA, 

and PSV mode was more frequent in patients with less severe PVA. The smaller size and the absence of cuff may 

suggest that increased leaks could have played a role, as suggested by Blokpoel et al [10]. The magnitude of the 

leaks was not different between the 2 groups, but the precision of this measure is not perfect [25]. None of the 

patients ventilated in PSV was classified as severe PVA. We may hypothesize that the patients ventilated in PSV 

have a stronger ventilatory drive, leading to a better detection of the breathing efforts by the ventilator [5]. However, 

a confounding factor may also explain this association, PSV being mostly used in our unit in older and less sedated 

patients.  

 

Overall, we did not observe any association between severe asynchrony and adverse outcomes during the PICU 

course, in contrast with studies in adults [4, 5, 7]. Similarly, Blokpoel et al did not observe prolonged ventilation in 

patients with higher levels of asynchrony. Several explanations could be hypothesized to explain this difference with 

adult studies. In adults, adverse outcome was observed in severe PVA groups, while the remaining patients were 

appropriately synchronized [4, 5, 7]. In contrast, the number of children with good patient-ventilator interaction is 

quite low. In our study, patients with severe PVA frequently had diseases usually associated with good outcome 

(e.g. bronchiolitis). It is also important to note that the patients with more severe PVA were recorded earlier in the 

PICU course. This baseline discrepancy makes it difficult to assess the relationship between PVA and ventilation 

duration.  

The question remains whether those children would have a better outcome providing the PVA was improved. Only a 

controlled interventional trial, for example using a specific mode like NAVA, could confirm the independent role of 

PVA on outcome. Such evidence remains limited in PICU. In a crossover trial conducted in 12 children, De la Oliva 

et al [13] observed that the improvement of PVA with NAVA was associated with an improvement in Comfort 

score. This finding is interesting when sedation is sometimes needed in cases of severe asynchrony. An improved 

synchrony might have the potential to reduce sedation needs and its associated side effects. In a large randomized 

controlled trial, Kallio et al [26] observed an interesting trend for shorter ventilation and ICU length of stay (p=0.03 

and p=0.07, respectively). 

Finally, some authors hypothesize that improved PVA could also have deleterious effects that counterbalance the 
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benefits [27]. It is however difficult to retain this hypothesis here while very few patients had good synchrony. 

 

Interestingly, we observed that many patients had low respiratory drive after several days of intubation, while they 

were deemed to be actively breathing. We consider this finding as a new form of poor patient-ventilator interaction, 

although not an asynchrony. This low respiratory activity has previously been reported [14, 28]. It could be the 

consequence of overassistance, oversedation, their combination, or more rarely of an abnormal output by the central 

respiratory center or by bilateral phrenic nerve palsy [29, 30]. In this study group, many patients were admitted for 

non-respiratory reasons. Even low level of ventilator support can be sufficient in such conditions to suppress the 

patient breaths [31]. We previously reported that the ventilatory drive increased in these patients after the 

extubation, so the central or peripheral neurological explanation seems unlikely [32]. Oversedation may have 

contributed, as suggested by higher degree of comfort observed in these patients. As described by Vaschetto et al, 

the combination of overassistance and sedation has a synergistic impact on the drive suppression. More attention 

should be paid to this frequent complication, as such respiratory behavior has clearly been linked to diaphragm 

dysfunction [33, 34]. 

 

Several limitations of our study need to be discussed. We included in the analysis less patients than expected. 

However, the absence of trend in our observation suggests that our findings are not mainly due to an insufficient 

power. This is a single-center study and the results may have been influenced by the local practice, especially 

regarding ventilator settings. NAVA was not used in routine practice during the study period in our PICU. NAVA 

can improve patient-ventilator interactions [12, 35, 36] and the results of our study would probably be different in 

population treated with this mode. Many patients were not included, which could limit the external validity of our 

findings. Certain medical conditions, as chronic respiratory insufficiency with prior ventilatory support, 

tracheostomy or neuromuscular disease, were a priori excluded, preventing us to generalize our findings to these 

patients. Due to the study design and the need to observe active breathing for considering patient inclusion, patients 

were not recorded at the same time after admission. Although the degree of PVA did not seem to change so much 

over the PICU course, this difference in inclusion timing made it difficult to interpret the relationship between 

asynchrony and outcome.  

 

Conclusion 

Patient-ventilator interaction is poor in critically ill children supported by conventional ventilation. The study did 

not permit to ascertain if these poor interactions have important clinical consequence. But the magnitude of PVA 

and the prevalence of low ventilatory drive warrant further studies to assess if strategies to optimize patient 

ventilator interactions can improve the outcome of PICU patients.  
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Figure legends 

Fig 1 Study flow chart (*patients could be excluded for 2 reasons) 

Fig 2 Contribution of the different types of asynchrony in the total time spent in conflict with the ventilator. 

Fig 3 Evolution of inspiratory Edi (panel a) and of the time spent in asynchrony (panel b) from inclusion time (time 

1) to pre-extubation period (time 2). 

Fig 4 Relationship between the asynchrony results obtained using the two methods: the automatic NeuroSync index 

and the percentage of time spent in asynchrony derived from the manual breath-by-breath analysis 

 

List of abbreviations 

Edi: Electrical Activity of the diaphragm 

ETT: Endotracheal Tube 

NAVA: Neurally Adjusted Ventilatory Assist 
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PVA: Patient-Ventilator Asynchrony 
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Table 2: Characteristics of patients depending of the level of asynchrony (in patients with Edi>2 µV, n=34). 

 

 

% time spent in 

asynchrony < 

39%  

(n=25) 

% time spent   in 

asynchrony   > 

39% 

(n=9) 

p value 

Age (m) 14 (2-40) 2 (1-3) 0.007 

Weight (kg) 7.0 (4.5-17.3) 4.3 (3.6-5.4) 0.049 

Male, n (%) 14 (56%) 6 (67%) 0.70 

Days between admission and inclusion 8 (2-11) 2 (1-5) 0.054 

Main reasons for PICU admission, n (%)   0.56 

Respiratory failure 18 (72%) 8 (89%) 0.40 

Including bronchiolitis 5 (20%) 5 (56%) 0.08 

Hemodynamic failure 1 (4%) 0 (0%) 1 

Neurologic disorder 3 (12%) 0 (0%) 0.55 

Metabolic disorder 1 (4%) 1 (11%) 0.46 

Trauma 0 (0%) 0 (0%) 1 

Post-surgery 2 (8%) 0 (0%) 1 

Chronic condition, n (%)    

Respiratory disease 5 (20%) 1 (11%) 1 

Cardiac disease 6 (24%) 0 (0%) 0.16 

Neurogical disease 6 (24%) 1 (11%) 0.64 

Immuno-oncologic disease 3 (12%) 0 (0%) 0.55 

Clinical status    

PIM-2 score  2.5 (0.9-4.4) 0.9 (0.5-7.0) 0.40 

PELOD score  1 (1-11) 11 (1-12) 0.38 

pH 7.40 (7.33-7.42) 7.37 (7.33-7.42) 0.63 

HCO3-, mmHg 30.0 (25.1-32.9) 28.8 (24.9-32.0) 0.84 

PaCO2, mmHg 48.0 (44.4-53.4) 48.9 (45.8-57.5) 0.57 

Hb, g/dL 10.2 (7.3-10.7) 10.4 (7.9-12.3) 0.33 

Lactate, mmol/L 1.5 (0.8-2.1) 1.5 (1.2-1.9) 1 

Comfort score 15 (13-16) 15 (11-17) 0.95 

Sedation score  11 (6-23) 21 (11-39) 0.15 

ETT size 4.0 (3.5-4.5) 3.5 (3.5-3.5) 0.013 

Cuffed ETT 17 (68%) 2 (22%) 0.019 
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Ventilatory settings    

Set RR 25 (20-35) 30 (28-38) 0.13 

Measured RR 34 (28-40) 35 (29-40) 0.92 

Mode PSV 10 (40%) 0 (0%) 0.034 

Mode ACV-P 4 (16%) 3 (33%) 0.35 

Mode IACV-P 7 (28%) 3 (33%) 1 

Mode ACV-V 0 (0%) 0 (0%) 1 

Mode IACV-V 1 (4%) 2 (22%) 0.16 

Mode PRVC 3 (12%) 1 (11%) 1 

PEEP, cmH2O 5 (5-5) 6 (5-7) 0.06 

FiO2 0.35 (0.26-0.44) 0.35 (0.30-0.60) 0.45 

Leaks (%) 7 (4-15) 2 (0 – 7) 0.17 

Analysis    

Peak inspiratory Edi, µV 7.2 (3.8-15.3) 5.5 (3.4-7.2) 0.20 

Tonic expiratory Edi, µV 0.9 (0.6-2.4) 2.0 (1.1-2.9) 0.058 

Type of asynchrony    

Wasted Efforts, % of breath analyzed 4.5 (1.6-15.8) 30.6 (18.7-39.8) 0.002 

Auto-triggering, % of breath analyzed 6.1 (1.3-9.9) 8.4 (0.9-23.3) 0.36 

Double-triggering, % of breath analyzed 2.1 (0.0-3.2) 0.0 (0.0-0.8) 0.08 

Trigger error, ms  136 (104-176) 284 (190-302) 0.008 

Cycling-off error, ms 64 (40-131) 255 (184-297) 0.018 

Time spent in asynchrony    

Total time spent in asynchrony, % 24 (17-28) 47 (43-50) <0.001 

Wasted Effort, % 0.6 (0.2-3.5) 5.3 (2.8-13.6) 0.03 

Auto-triggering, % 1.6 (0.3-2.4) 2.3 (0.3-4.7) 0.40 

Double-triggering, % 0.1 (0.0-0.4) 0.0 (0.0-0.1) 0.053 

Trigger error    

   Delay, % 7.6 (7.6-11.2) 15.5 (12.2-19.1) 0.001 

   Premature, % 0.8 (0.5-2.1) 2.3 (1.4-2.9) 0.058 

Cycle-off error    

   Delay, % 3.8 (1.8-6.3) 15.0 (10.2-17.5) <0.001 

   Premature, % 4.1 (2.2-5.9) 3.2 (2.0-6.7) 0.98 

NeuroSync Index, % 38 (31-47) 81 (69-83) <0.001 

Outcome    

Death in PICU 1 (4.0%) 1 (11.1%) 1 
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Days in PICU 14 (5-22) 7 (4-14) 0.17 

Days in PICU after inclusion 6 (4-12.5) 5 (3-6) 0.66 

Days on MV 9 (4-15) 4 (3-12) 0.23 

Days on MV after inclusion 2.5 (1-6.5) 3 (1-4) 0.9 

NIV post extubation 4 (16.0%) 1 (11.1%) 1 

Reintubation 5 (20.0%) 1 (11.1%) 1 

Edi: Electrical activity of the Diaphragm; PICU: Pediatric Intensive Care Unit; RR: Respiratory Rate; PEEP: 

Positive End-Expiratory Pressure; ETT: Endo-Tracheal Tube; MV: Mechanical Ventilation; NIV: Non Invasive 

Ventilation. 
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Methods 

 

Fig ESM-1. Study flow chart (* patients could be excluded for several reasons) 
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Abstract 

Purpose - The present study aims to characterize the behavior of three components of the respiratory muscle 

function during MV weaning in children, to better understand the respective impact of a spontaneous breathing trial 

on the ventilatory mechanical action (PES), on the ventilatory demand (EADI), and on the oxygen consumption 

(VO2). 

Methods - A prospective single center study. All intubated and mechanically ventilated children >1 months and <18 

years old, hospitalized in the pediatric intensive care unit were eligible. Patients considered as ready to extubate were 

included. Simultaneous recordings of VO2, PES and EADI were performed during 3 steps: before, during and after the 

spontaneous breathing test. 

Results - Twenty patients (median 5.5 months) were included. Half of them were admitted for a respiratory reason. 

The increase in PES swings and Esophageal Pressure-Time Product during the spontaneous breathing test was not 

significant (p=0.3 and 0.7, respectively) and a similar trend was observed with Peak EADI (p=0.06). Oxygen 

consumption obtained by Indirect Calorimetry was stable in the 3 conditions (p=0.98).  

Conclusion - In these critically ill children, spontaneous breathing trial induced a moderate and non-significant 

increase in work of breathing, as reflected by the respiratory drive with EADI and by the respiratory mechanics with 

PES. However, indirect calorimetry does not seem to be a sensitive tool to assess respiratory muscle function in 

mechanically ventilated children during the weaning phase, especially when work of breathing is slightly increased. 

 

Introduction 

Respiratory failure is the leading cause of admissions in the pediatric intensive care unit (PICU) and mechanical 

ventilation (MV) is the first line treatment. While mechanical ventilation is often lifesaving, it can be associated with 

complications such as ventilator-induced lung injury [1], nosocomial infection, airway trauma, and severe 

diaphragmatic dysfunction [2]. It is therefore important that MV be discontinued as soon as possible, i.e. as soon as 

the patient is capable of spontaneous breathing.  
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During the weaning phase of MV, the ability of the respiratory muscles to cope with imposed load is challenged [3]. 

The assessment of respiratory muscle function during the weaning process could help to predict the extubation 

success and optimize its timing [4]. Different tools are available to monitor the different components of the 

respiratory muscle function during the weaning phase. Esophageal pressure (PES) measurement is the reference 

method to measure the pressure generated by the patient’s inspiratory muscles and has been shown to be a good 

method to predict weaning outcome [5, 6]. The Electrical Activity of the Diaphragm (EADI) reflects the patient 

ventilatory drive and it has been used to monitor diaphragm activity during weaning trials [7]. The neuro-mechanical 

or neuro-ventilatory efficiency of the respiratory system can be estimated by the ratio of the muscle pressure or the 

ventilatory volume divided by the corresponding EADI [8]. Moreover, oxygen consumption (VO2) obtained from 

Indirect Calorimetry (IC) has been shown to change upon adaptations of mechanical ventilation parameters and 

modes, since the oxygen cost of breathing reflects the output of the respiratory muscles [9]. Whereas in normal 

subjects, the portion of VO2 assigned to respiratory load (VO2resp) accounts for 1 to 3% of whole body VO2 [10], this 

percentage can be considerably higher in patients being weaned from ventilation [11, 12]. However, pediatric data in 

this field are lacking, especially about the reliability and reproducibility of IC.  

The present study aims to characterize the behavior of three components of the respiratory muscle function during 

MV weaning in children, to better understand the respective impact of a spontaneous breathing trial on the 

ventilatory mechanical action (PES), on the ventilatory demand (EADI), and on the oxygen consumption (VO2). 

 

Methods 

This is a prospective study, conducted in the PICU of CHU Sainte-Justine, a university affiliated pediatric hospital, 

from November 2016 to June 2017. The study protocol was approved by the Ethics committee of CHU Sainte-

Justine and written informed consent was obtained from the parents or legal tutor. 

 

Patients 

Consecutive children aged between 1 month and 18-year-old admitted to the PICU, intubated and mechanically 

ventilated were eligible. The screening was performed by a research assistant every working day. Eligible patients 

were included if they were deemed to be ready for an extubation readiness test as per the attending team, providing 

the research team and the equipment were available. 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 

instability, (iv) axillary temperature >38°, (v) cuff leaks >10%, (vi) Nitrite oxide therapy, (vii) ventilation in High 

Frequency Oscillation and (viii) if a limitation of life support treatments was discussed or decided. Detailed 

inclusion and exclusion criteria are given in Supplementary Material.  

 

Protocol and data recording 

PES, EADI and VO2 data were monitored to characterize the respiratory muscle function. PES and EADI were obtained 

simultaneously by a specific modified 8Fr EADI catheter (NeuroVent Research, Toronto, Canada) equipped with 

both microelectrodes (for EADI monitoring) and an esophageal balloon (for PES monitoring), installed 30 minutes 
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before measurement. The catheter was connected to a Servo-I ventilator (Maquet, Solna, Sweden), to gather the 

EADI signal. The correct position of the catheter was checked with a specific positioning screen on the Servo-I, 

following the company recommendation and as done in several previous studies [13]. PES and EADI signals were 

simultaneously recorded using an acquisition system (NeuroVent Monitor XIII) and displayed and analyzed using a 

specific software (NeuroVent Research, Toronto, Canada). 

VO2 and REE were measured by a portable indirect calorimeter (Vmax Encore, Carefusion, Yorba Linda, CA), which 

was connected 30 minutes before measurement. Gas and pressure were calibrated according to the manufacturer’s 

instructions.  

All data were measured during 3 periods of 30 minutes: before, during and after a Spontaneous Breathing Test (SBT) 

in Continuous Positive Airway Pressure (CPAP). Patients were supine, with the head of bed elevated to 30 degrees, 

and not or lightly sedated according to the attending physician instructions. 

Demographic data and patient’s 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. Rapid Shallow Breathing Index was defined as the ratio of Respiratory Rate to 

Tidal Volume (VT). Predicted Energy Expenditure was calculated according to the Schofield equations (kcal/day) 

(cf. Supplementary Material). Clinical indices of increased work of breathing and comfort of the patient, assessed 

with the « Comfort Behavior » scale, were gathered during the 3 periods. Sedation level was assessed with the 

sedation score described by Randolph et al. [14], which was adapted to include dexmedetomidine according to the 

study performed by Eren et al. [15]. One point was given for morphine or midazolam equivalents of 0.1 mg/kg. 

PICU outcome data included: SBT success or failure, extubation success or failure (as defined by the need to re-

intubate in the 48 hours following extubation) and length of mechanical ventilation.  

 

Data analysis 

For PES and EADI recordings, after elimination of the cycles with artifacts, such as coughing or esophageal spasms, at 

least 20 consecutive breath cycles in the 3 different respiratory conditions were used for subsequent analysis. 

Esophageal Pressure-Time Product (PTPES) was obtained by measuring the area under the PES signal between the onset 

of inspiration and the end of inspiration as determined on EADI tracing. PTP
ES was also expressed per minute by 

multiplying the pressure-time products per breath by the respiratory rate (PTP
ES

/min). Neuromechanical and 

Neuroventilatory efficiency were assessed by the ratio of Swing PES to peak EADI and VT to peak EADI, respectively. 

The mean VO2 and REE were calculated during the 3 periods. Data from the first ten minutes and from periods of 

documented physical movement or nursing care, as endotracheal suctioning, were excluded. The steady-state was 

defined as 10 consecutive minutes during which oxygen consumption and carbon dioxide production vary less than 

±10% as previously described [16]. VO2resp was defined as the difference between VO2 during SBT and VO2 under 

conventional mechanical ventilation. 

 

Statistical analysis  

Data were expressed as median values (with interquartile range, IQR) for continuous variables, and number and/or 
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frequency (%) for categorical data. Differences for categorical variables were tested using chi-square or Fisher’s 

exact test (when expected frequencies were less than five). Differences in continuous variables were assessed using 

non-parametric Mann–Whitney test or paired t-test, depending on the variable distribution. Repeated measures 

analysis of variance (ANOVA) was used to compare the different conditions (before, during and after SBT in 

CPAP) on the different variables. Pearson’s correlation coefficient (R) and determination coefficient (R
2
)

 
were used 

to evaluate the correlation between changes in Swing PES, PTPES, EADI and VO2. All p values were two-tailed and 

considered significant if p < 0.05. Statistical analyses were performed using SPSS 24.0 (SPSS, Inc, Chicago, IL). 

Details regarding sample size are given in Supplementary Material. 

 

Results 

Study population 

During the study period, 568 patients were admitted in the PICU and 280 were ventilated. Thirty-one patients were 

eligible and approached by the study team. Five did not consent to the study while 4 patients were extubated before 

inclusion. In 2 patients, measurements were not performed due to clinical deterioration. In total, 20 patients were 

enrolled (10 males), with a median age of 5.5 (IQR 2-61) months. The patients’ characteristics are presented in 

Table 1. They were studied 7 (3-11) days after initiation of MV. The main reason for admission in PICU was 

respiratory failure (n=10, 50%) and 3 (15%) patients were admitted after surgery. Before SBT, the median comfort 

score was 14 (12-16). Five patients (25%) received intermittent analgesic treatments only, whereas 5 (25%) received 

both sedative and analgesics agents with a continuous infusion. In 2 patients, EADI could not be measured due to 

technical problems and for another one, measurements from IC were inaccurate due to air leaks >10% occurring 

after inclusion.  

 

Breathing pattern and work of breathing during SBT 

As detailed in the Table 2, the respiratory rate tended to increase during the SBT, although this did not reach 

significance (p=0.23). No clear changes in tidal volume, minute ventilation, and rapid shallow breathing index were 

observed. Unexpectedly, the increase in PES swings and PTPES/min during the SBT was not significant (p=0.3 and 

0.7, respectively) (Figure 1). PES swings increased by at least 10% during SBT in 14 (70%) patients. A similar trend 

was observed with Peak EADI (p=0.06). Neuromechanical and Neuroventilatory efficiency did not change 

significantly before, during and after SBT. We did not observe any association between PES and EADI changes and 

the level of comfort or sedation score. 

 

Variables measured by indirect calorimeter 

Oxygen consumption obtained by IC was stable in the 3 conditions (p=0.98). In 10 (50%) patients, VO2 decreased 

during SBT. REE and VO2resp patterns did not differ according to the comfort and sedation score. 

Predicted REE was overestimated as compared to measured REE (47 (40-54) vs 23 (21-29) kcal/kg/day, p<0.001) 

and the median Respiratory Quotient measured by IC was 0.71 (0.69-0.78).  
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Correlations between measurements obtained by PES, EADI and IC 

Overall, changes in VO2 were not correlated with changes observed with PTPES and peak EADI (R
2
 = 0.05 and 0.01, 

respectively). Similarly, only a poor correlation was observed between changes in PES and changes in EADI (R
2
 = 

0.3; Figure 2). 

 

Outcome 

SBT was considered a success in 20 (100%) patients and extubation was successful in 17 (89%) patients. One 

patient was not extubated and died after limitation of life support treatment. Median length of MV and length of stay 

in PICU were 10 (4-14) and 18 (7-42) days, respectively. After extubation, 9 (45%) patients required no respiratory 

support while 2 (10%) were reintubated and 8 (40%) were on noninvasive respiratory support within 1h of 

extubation. The pattern of PTPES, EADI or VO2 during the SBT were not associated with extubation failure, although 

the number of patients was limited. 

 

Discussion 

In this series of 20 critically ill children, we observed that SBT in CPAP was associated with a non-significant 

increase in PES derived indices of effort of breathing and of EADI. However, VO2resp measurements obtained from IC 

were stable during the maneuver. 

 

In children, the benefit of weaning protocols including SBT to shorten the duration of ventilation has been 

demonstrated [17] and the recent consensus conference on pediatric Acute Respiratory Distress Syndrome (PALICC) 

recommends that SBT and/or extubation readiness tests should be performed [18]. For monitoring patient-ventilator 

interactions during SBT, clinicians rely mostly on patient breathing pattern and waveforms that are available on most 

ventilators. However, several difficulties remain to assess the patient contribution in the work of breathing with usual 

clinical monitoring during mechanical ventilation [19]. Measurements of PES and EADI provides the clinicians with a 

bedside evaluation of respiratory effort from two different points of view. Assessment of PES is the reference method 

to measure the pressure generated by the patient’s inspiratory muscles. The direct monitoring of the respiratory muscle 

function by PES has been shown to be helpful in titrating ventilator support in different pathologies [20] and as Jubran 

et al. showed in adults, PES trend during a SBT can provide an accurate prediction of weaning outcome [5]. On the 

other hand, EADI gives the clinician with a bedside evaluation of diaphragm activity [21]. EADI can be considered as 

a tool to reflect the patient ventilatory drive, and it consecutively indirectly reflects the evolution of the work of 

breathing [22]. Because adequate diaphragmatic function is paramount for weaning success, the relevance of 

monitoring EADI during the weaning process has also been described [23]. Wolf et al. observed that the ability to 

generate a higher diaphragmatic activity for the same tidal volume in pressure support ventilation was a predictor of 

successful extubation [7]. Combining EADI and tidal volume in neuroventilatory index has a great interest since the 

comparison of the ventilatory demand with the mechanical output informs on the diaphragm efficiency. 
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Our initial hypothesis was that IC, providing total VO2 at bedside of critically ill children, could be a reliable and less 

invasive method to estimate change in work of breathing during weaning from conventional ventilation. We 

reasonably assumed that no confounding factor except increasing in work of breathing could induce an increase in 

VO2 during SBT. We therefore choose 3 periods of 30-minutes recording during which underlying metabolic condition 

could not change, as suggested in previous studies [12]. Many authors, rather than focusing on the mechanical muscle 

function, have evaluated the role of VO2resp as a predictor of weaning success [9, 24] and others reported that VO2resp 

was closely correlated to PTP [25]. In children, the use of IC for respiratory purpose is scarcely reported [26]. In few 

studies, oxygen consumption has been measured in mechanically ventilated children in different clinical condition to 

assess effects of therapeutics such as neuromuscular blockers [27] or inhaled salbutamol [28]. To our knowledge, VO2 

measurement during weaning from pediatric MV has never been studied. 

 

As compared with measurements from PES and EADI, variables obtained from IC, such as VO2resp, did not tend to 

accurately reflect changes in work of breathing. We could expect a VO2resp around 10% of VO2 according to the 

study by Höher et al. who found that patients on assisted ventilation spent 11% more energy than patients on 

controlled ventilation [29], as supported by another study [12]. Yet, we found in the present study that VO2resp was 

not influenced by ventilator mode, in agreement with the study published by Briassoulis et al. in a population of 11 

mechanically ventilated and critically ill children [30]. We suggest several hypotheses to analyze this finding. First, 

while patients had a low level of support before SBT, VO2resp could not be as sensitive as PES or EADI to detect a low 

work of breathing. According to the study performed by Frankenfield et al., measurements from the Vmax Encore 

Calorimeter can be biased by 5% in the same subject [31]. Second, this finding could be explained by the great 

heterogeneity of our population, in terms of pathologies, mode of ventilation, ventilator settings, duration of 

ventilation, time of inclusion and degree of sedation [30]. Third, SBT may induce changes in functional residual 

capacity, resulting in changes in spirometer volume unassociated with VO2.  

 

Beside the main study goal, we interestingly observed absolute VO2 values that were lower than previously reported 

[26, 32]. Most of these studies have been performed at the early stage of the disease [33]. Moreover, most of the 

patients in those studies were admitted after trauma and some of them received nutritional therapy, which could 

explain such difference. In our study, because we performed IC measurements during the weaning phase, we 

hypothesize that the metabolic rate was low in the recovery period. Although we consider observed VO2 values as 

true, we cannot exclude that confounding factors could explain such results. First, although we excluded patients 

with FiO2 >0.6 or cuff leaks >10%, values could be less accurate in patients with FiO2 >0.4 or cuff leaks >5% [34]. 

In addition, even if we used a standardized and validated approach for IC measurements, we cannot rule out that 

inaccurate measurements have been caused by technical problems [35].  

 

Both EADI and PES are well-known tools to indirectly reflect the respiratory muscle function. Previous studies have 

shown a tight correlation between EADI and PES [22, 36]. However, there is a high inter individual variability [36]. In 

our study, the changes observed between the 3 periods for these 2 variables were relatively small, and the number of 
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data was limited, which likely explains the poor correlation observed, due to the limited statistical power. Of note, 

this relationship can also be affected by sedation [37] or by the level of assistance [38]. These factors, in addition to 

the great heterogeneity in our population, could also explain the moderate correlation between EADI and PTP. An 

impaired neuro-muscular coupling [39] appears unlikely in these patients with almost normalized respiratory 

condition.  

 

Finally, our findings regarding the difference between predicted and measured REE are in agreement with those 

reported elsewhere. Indeed, several studies showed that predictive equations overestimated REE in critically ill 

children with various clinical situations [32, 40]. Our results tend to confirm that such equations cannot substitute 

for indirect calorimetry measurement of REE. 

 

There are several limitations in the present study. This is a single-center study, which tends to limit its 

generalizability. Although we included the adequate number of patients, the magnitude of the correlation observed 

was smaller than expected and the study may have been underpowered to demonstrate the correlation between the 

variables. We performed measurements during daytime and weekdays only, which could lead to a selection bias. 

The study population was heterogeneous, in terms of reasons for admission, duration of MV, age and degree of 

sedation of patients. This may lead to different respiratory behavior during weaning from mechanical ventilation. 

However, the population does reflect a usual PICU population. In addition, work of breathing indices were assessed 

during a 30-minute SBT while some authors have suggested longer extubation readiness test [20]. Nevertheless, 

significant changes in respiratory mechanics occurs rapidly after modification of ventilator settings. Finally, we did 

not assess respiratory muscle function after extubation. 

 

Conclusion 

In these critically ill children, spontaneous breathing trial in CPAP induced a moderate and non-significant increase 

in work of breathing, as reflected by the respiratory drive with EADI and by the respiratory mechanics with PES. 

However, oxygen consumption measured by IC was stable before, during and after the SBT. Indirect calorimetry 

does not seem to be a sensitive tool to assess respiratory muscle function in mechanically ventilated children during 

the weaning phase, especially when work of breathing is slightly increased. 
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Figure captions 

Fig 1 Work of breathing before, during and after SBT, assessed by Respiratory Rate (panel a), PES Swing (panel b), 

PTPES (panel c), EADI (panel d) and VO2 (panel e) 

Fig 2 Relationship between the changes of Swing PES vs peak EADI (panel a) and Swing PES vs VO2 (panel b) from 

conventional settings to SBT (▲) and from SBT to previous settings (!) 
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Table 1: Characteristics of population (n=20) 

 
Total 

n=20 

Age (m) 5.5 (2-64) 

Weight (kg) 6.4 (4.1-17.6) 

Male, n (%) 10 (50%) 

Predicted REE, kcal/kg 89 (49-147) 

Days between admission and inclusion 7 (3-12) 

Days between MV initiation and inclusion 7 (3-11) 

Main reasons for PICU admission, n (%)  

Respiratory failure 10 (50%) 

Hemodynamic failure 4 (20%) 

Neurologic disorder 3 (15%) 

Post-operative admission 3 (15%) 

Chronic condition, n (%)  

Respiratory disease 7 (35%) 

Cardiac disease 4 (20%) 

Neurological disease 3 (15%) 

Clinical status at baseline  

PIM-2 score (on admission day) 2.8 (0.6-18.8) 

PELOD score 7 (1-19) 

Temperature, °C 36.9 (36.5-37.2) 

pH 7.38 (7.35-7.40) 

PaCO2, mmHg 47.4 (44.2-53.3) 

HCO3-, mmHg 28.0 (26.0-30.8) 

Lactates, mmol/L 1.4 (0.9-1.8) 

Hemoglobin, g/L 10.3 (9.6-11.1) 

Ventilator modes and settings  

NAVA, n 

NAVA level, cmH2O/µV 

7 

0.5 (0.3-0.5) 

PSV, n 

PSV, cmH2O  

9 

9 (6-11) 

PC, n 

Inspiratory Pressure, cmH2O 

4 

14 (11-15) 

Positive End-expiratory Pressure, cmH2O 5 (5-6) 

FiO2 30 (25-40) 
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Endotracheal tube data  

ETT size, mmID 3.5 (3.5-4.5) 

Cuffed ETT 18 (90%) 

Air leakage around ETT, % 5 (2-7) 

Sedation status  

Comfort score 14 (12-16) 

Sedation score 12 (5-26) 

Continuous intravenous sedation 14 (70%) 

Analgesic bolus only 5 (25%) 

Outcome  

SBT failure 0 (0%) 

Time between SBT and first extubation, h 18 (1.5-43.5) 

Reintubation in the 48h after extubation 2 (10%) 

ETT: Endotracheal Tube; MV: Mechanical Ventilation; PICU: Pediatric Intensive Care Unit; REE: Resting Energy 

Expenditure; SBT: Spontaneous Breathing Test. 

Data are expressed as median (25-75 interquartile range) or n (%).  
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Table 2: Clinical status and respiratory muscle assessment before, during and after SBT. 

 Before SBT During SBT After SBT p 

Respiratory status     

SpO2 99 (96-100) 99 (95-100) 97 (95-100) 0.79 

Measured Respiratory Rate, min
-1

 29 (22-31) 35 (26-40) 30 (25-37) 0.23 

VT, ml/kg 7.1 (5.4-7.8) 6.4 (4.4-7.8) 7.8 (5.1-8.1) 0.89 

VM, L/min 1.5 (0.9-2.8) 1.7 (1.1-2.8) 1.6 (0.9-3.2) 0.76 

Rapid Shallow Breathing Index (RR/VT), 

breath/min/ml/kg 
4.1 (3.1-6.3) 5.4 (4.0-7.3) 5.0 (3.9-6.1) 0.76 

Comfort Score 14 (12-16) 14 (12-16) 13 (12-16) 0.86 

Hemodynamic status     

Cardiac Rate, min
-1

 115 (97-135) 121 (99-143) 120 (101-141) 0.76 

Mean Arterial Pressure, mmHg 69 (59-85) 72 (62-80) 72 (62-83) 0.96 

WOB Indices     

PES derived data     

Swing PES, cmH2O 3.9 (1.7-6.2) 5.5 (2.7-8.5) 3.1 (1.1-5.5) 0.33 

PTPES/min, cmH2O.s.min
-1 

23 (5-89) 83 (24-110) 31 (10-69) 0.75 

EADI derived data     

Peak EADI, µV 7.5 (3.2-16.3) 15.9 (5.2-22.1) 9.1 (3.0-14.4) 0.059 

Neuromechanical efficiency (∆PES/∆EADI) 0.6 (0.4-1.1) 0.8 (0.3-1.0) 0.6 (0.2-1.5) 0.56 

Neuroventilatory efficiency (VT/∆EADI) 5.1 (2.2-21.4) 3.3 (1.4-6.7) 5.2 (1.8-26.2) 0.3 

Indirect Calorimeter derived data     

VO2/kg, ml/kg/min 3.6 (3.1-4.6) 3.8 (3.0-5.2) 3.8 (3.2-5.2) 0.98 

VO2 resp/kg, ml/kg/min N/A -0.2 (-0.5-0.44) N/A  

VCO2/kg, ml/kg/min 2.8 (2.3-3.3) 2.5 (2.1-3.6) 2.5 (2.3-3.3) 0.57 

Resting Energy Expenditure, kcal/kg 23 (21-29) 24 (19-33) 23 (21-33) 0.96 

Respiratory Quotient 0.71 (0.69-0.78) 0.72 (0.68-0.78) 0.70 (0.65-0.77) 0.70 

EADI: Electrical Activity of the Diaphragm; N/A: not applicable; NAVA: Neurally Adjusted Ventilatory Assist; PC: 

Pressure Control; PES: Esophageal Pressure; PICU: Pediatric Intensive Care Unit; PSV: Pressure Support 

Ventilation; PTPES: Pressure-Time Product; SBT: Spontaneous Breathing Test; VM: Minute Volume; VT: Tidal 

Volume; WOB: Work of Breathing. 

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

!
 

!
!

!
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Supplementary material 

 

Subject selection:   

 

Eligibility 

Consecutive children aged between 1 month and 18-year-old admitted to the PICU, intubated and mechanically 

ventilated were eligible. The screening was performed by a research assistant every working day. Eligible patients 

were included if they were deemed to be ready for an extubation readiness test as per the attending team, providing 

the research team and the equipment were available. In particular, the following criteria were required: (i) 

improvement in the underlying condition that led to intubation, (ii) presence of spontaneous breathing and adequate 

oxygenation, (iii) adequate mental status, (iv) effective cough and (v) no planned operative procedure in the next 12 

hours. 

 

Inclusion criteria  

-! The patient is deemed to be ready for an extubation readiness test as per the attending team. In particular, the 

following criteria should be met: 

o! Improvement in the underlying condition that led to intubation;  

o! Presence of spontaneous breathing, and adequate oxygenation: FiO2 ≤ 0.6 (to obtain a SpO2 between 

92 and 97%), with Positive End Expiratory Pressure < 8 cmH2O;  

o! Adequate mental status: Arousal;  

o! Effective cough; 

o! No planned operative procedure requiring heavy sedation in the next 12 hours. 

 

Exclusion criteria 

-! Contraindications to the placement of a new nasogastric tube (e.g. trauma or recent surgery in cervical, 

esophageal, or nasopharyngeal regions, severe coagulation disorder);  

-! Hemodynamic instability requiring milrinone ≥ 0.5µg/kg/min, dopamine ≥ 5µg/kg/min, epinephrine ≥ 

0.03µg/kg/min, norepinephrine ≥ 0.03µg/kg/min, or dobutamine ≥ 5µg/kg/min;  

-! Severe respiratory instability, and in particular PaCO2 > 80 mmHg on the last blood gas in the last 4 hours;  

-! Axillary temperature >38°;  

-! Cuff leaks >10%, calculated by the ventilator as mean inspired tidal volume minus mean expired tidal volume 

divided by inspired tidal volume;  

-! Absence of parental or tutor consent;  

-! Patient for whom a limitation of life support treatments is discussed or decided. 

 

Schofield equations calculation (kcal/day):  
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(0.167*weight) + (1517.4*height) - 617.6 for boys < 3 years-old; (16.25*weight) + (1023.2*height) - 413.5 for girls 

< 3 years-old; (19.6*weight) + (130.3*height) +414.9 for boys from 3 to 10 years-old; (16.97*weight) + 

(161.8*height) + 371.2 for girls from 3 to 10 years-old; (16.25*weight) + (137.2*height) + 515.5 for boys > 10 years-

old and (8.365*weight) + (465*height) + 200 for girls > 10 years-old 

 

Sample size 

We hypothesized that VO2resp, PES and EADI data would be correlated with a Pearson’s coefficient correlation of at 

least 0.8. Considering a type-1 error risk of 0.05 (2-tailed), the inclusion of 12 patients was necessary to reach a power 

of 90% to confirm the correlation between those variables. We planned to study a sample of 20 patients to increase 

representativeness. 

 

Statistical analysis  

Data were expressed as median values (with interquartile range, IQR) for continuous variables, and number and/or 

frequency (%) for categorical data. Differences for categorical variables were tested using chi-square or Fisher’s 

exact test (when expected frequencies were less than five). Differences in continuous variables were assessed using 

non-parametric Mann–Whitney test or paired t-test, depending on the variable distribution. Repeated measures 

analysis of variance (ANOVA) was used to compare the different conditions (before, during and after SBT in 

CPAP) on the different variables. Pearson’s correlation coefficient (R) and determination coefficient (R
2
)

 
were used 

to evaluate the correlation between changes in Swing PES, PTPES, EADI and VO2. A correlation was considered as 

poor, moderate, good and excellent if R
2
 was lower than 0.5, between 0.5 and 0.75, between 0.75 and 0.9 and higher 

than 0.9 respectively. All p values were two-tailed and considered significant if p < 0.05. Statistical analyses were 

performed using SPSS 24.0 (SPSS, Inc, Chicago, IL). 
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