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Tonic Diaphragmatic Activity in Critically Ill Children With
and Without Ventilatory Support
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Summary. Background: Infants have to actively maintain their end expiratory lung volume

(EELV). In mechanically ventilated infants, the diaphragm stays activated until the end of

expiration (tonic activity), contributing to EELV maintenance. It is unclear whether tonic activity

compensates for the lack of laryngeal braking due to intubation or if it is normally present.

Objective: To determine if tonic diaphragm activity remains after extubation in infants, and if it can

be observed in older children. Methods: Prospective observational study of pediatric patients

ventilated for >24hr. Diaphragm electrical activity (EAdi) was recorded using a specific

nasogastric catheter during four periods: (i) the acute phase, (ii) pre-extubation, (iii) post-

extubation, and (iv) at PICU discharge. Tonic EAdi was defined as the EAdi in the last quartile of

expiration. Results: Fifty-five patients, median age 10 months (Interquartile range: 1–48) were

studied. In infants (<1 year, n¼28), tonic EAdi was always present, and represented 33% (22–43)

of inspiratory EAdi at PICUdischarge. No significant changewas observed betweenpre- and post-

extubation periods. In older patients (n¼27), tonic activity was negligible as a whole, but 10
patients exhibited significant tonic EAdi at one time-point during PICU stay. Bronchiolitis was the

only independent factor associated with tonic EAdi. Conclusions: In infants, tonic EAdi remains

involved in ventilatory control after extubation and restoration of laryngeal braking. Tonic EAdi may

play a pathophysiological role in bronchiolitis and it can be reactivated in older patients. The

interest of tonic EAdi as a tool to titratemechanical ventilation warrants further evaluation.Pediatr

Pulmonol. 2015; 9999:XX–XX. � 2015 Wiley Periodicals, Inc.

Key words: mechanical ventilation; pediatric intensive care unit; diaphragm function;

expiration; end expiratory lung volume; positive end expiratory pressure.

Funding source: Respiratory Health Network of the Fonds de la Recherche du Qu�ebec

Sant�e; Number: 24470, CHU Sainte-Justine and Sainte-Justine Research Center.

1Pediatric Intensive Care Unit, CHU Sainte-Justine, Universit�e de Montr�eal, Montreal, Quebec, Canada.

2Pediatric Intensive Care Unit, CHU Kremlin Bicêtre, Universit�e Paris Sud, Le Kremlin Bicêtre, France.

3Keenan Research Centre for Biomedical Science and Li Ka Shing Knowledge Institute of St. Michael’s Hospital, Toronto, Canada.

4Department of Medicine and Interdepartmental Division of Critical Care Medicine, University of Toronto, Toronto, Ontario, Canada.

5Department of Pediatrics, University of Toronto, Toronto, Ontario, Canada.

Part of the results of this study have been presented at the Critical Care Congress in San Francisco, in 2014.

The study was primarily conducted in CHU Sainte-Justine.

Conflict of interest: Neurovent research, Inc. provided a recording device. Maquet Critical Care provided the ventilator and catheters for the study. This

company was not involved in the result analysis and reporting.

Received 10 July 2014; Revised 27 January 2015; Accepted 15 March 2015.

DOI 10.1002/ppul.23182

Published online in Wiley Online Library

(wileyonlinelibrary.com).

� 2015 Wiley Periodicals, Inc.



INTRODUCTION

Thirty to sixty percent of children admitted to the
Pediatric Intensive Care Unit (PICU) require mechanical
ventilatory support.1,2 Despite its wide use, there are no
specific guidelines on how to use and titrate the
ventilatory settings. Clinical indicators of the appropri-
ateness of the ventilatory settings are lacking in PICU
practice. The monitoring of electrical activity of
diaphragm (EAdi) provides new information to clinicians,
that may help to appreciate the impact of ventilation.3

During pediatric ventilation, the persistence of diaphrag-
matic activity during expiration (or tonic activity) is
frequently observed but its significance has seldom been
studied.
In infants younger than 1 year, the end expiratory lung

volume (EELV) is actively maintained above the
relaxation volume, due to the high rib cage compli-
ance.4–9 Besides the rapid respiratory rate and the
expiratory braking at the laryngeal level, tonic activity
of the diaphragm has long been considered a potential
mechanism to limit exhalation, and therefore, to augment
EELV.6,7,9 Our team confirmed that the diaphragm
remains active during expiration in infants with tracheal
intubation and ventilatory support.10 A recent study
performed on rabbits suggested that tonic activity could
be present during intubation but disappeared after
extubation.11 Although our hypothesis was that the tonic
diaphragmatic activity observed in intubated infants is
also present in normally breathing infants, another
possibility would be that it is activated in order to
compensate for the lack of laryngeal braking due to the
tracheal tube, which would suggest that different
ventilatory management could be evaluated in order to
prevent this increase in diaphragm activity.
In patients older than 1-year-old, the EELV is equal to

the relaxation volume4 and tonic activity tends to
disappear while its potential role decreases. In the present
study, we evaluated if tonic diaphragmatic activity can be
reactivated in certain pathological conditions beyond
1 year of age.
In order to improve the interpretation of tonic

diaphragm activity observed during the monitoring of
mechanical ventilation, the present study was conducted
with the objectives of determining if tonic diaphragmatic
activity persists after extubation in infants and to evaluate
if tonic diaphragmatic activity can re-occur in older
children under certain conditions.

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.

Patients

Patients aged between 7 days and 18-year-old and
mechanically ventilated for at least 24 hr were eligible in
the study. The screening was performed daily by a
research assistant. The patients were included when we
had evidence that spontaneous breathing was present in
addition to the ventilatory support. The exclusion criteria
were chronic respiratory insufficiency with prior ventila-
tory support longer than 1 month, tracheostomy, neuro-
muscular disease, contraindications to nasogastric tube
exchange (i.e., local trauma, recent local surgery, or
severe coagulation disorder), suspected bilateral dia-
phragm paralysis, immediate post-cardiac surgery period,
expected death in the next 24 hr, and patients for whom a
life support treatment limitation was considered.

Study Protocol

We evaluated tonic diaphragmatic activity using EAdi
monitoring as previously described.10 EAdi was recorded
at four different times during the PICU stay. We obtained
a first recording in acute phase, i.e., as soon as possible
after the patient reached inclusion criteria and was
included. The second or pre-extubation phase was
recordedwithin 4 hr preceding extubation. Two additional
recordings were conducted in the absence of tracheal
tube. The third or post-extubation phase was recorded
within 2 hr after extubation. The fourth recording was
performed during stable spontaneous ventilation, within
2 hr before PICU discharge. If needed after extubation,
patients could be supported with noninvasive ventilation,
high-flow nasal cannula, or conventional nasal oxygen.
The study protocol was approved by the Ethics

committee of CHU Sainte-Justine Research center.
Written informed consent was obtained from the parents
or legal tutor.
Data Recording and Analysis
EAdi was recorded using a specific naso-gastric

catheter equipped with distal electrodes (NAVA catheter,
Maquet, Solna, Sweden) and connected to a dedicated
Servo I ventilator (Maquet, Solna, Sweden). The catheter
was positioned according to the recommendations of the
manufacturer as previously described.3,12 No modifica-
tion in the ventilatory support was done, and the Servo-I
ventilator was used only to continuously process the EAdi
signals, to address the problems associated with the
muscle-to-electrode distance and the influence of cardiac
activity, and esophageal peristalsis on the signal
strength.13–15 The first recording lasted 30min. The three
subsequent recordings lasted 15min, and were done only
if the NAVA catheter was still in place at this time-point.
For each recording, EAdi curves were analyzed in a

breath-by-breath semi-automatic manner with cursors
placed at the beginning and the end of inspiration and
expiration for a 5min continuous period. Tonic EAdi was
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defined as the mean EAdi during the last quartile of
expiration (Q4) as shown in Figure 1, and was expressed
both as absolute value (in mV) and in percentage of the
mean inspiratory EAdi.10 All the analyses were per-
formed by two independent observers. The pairs of
observers were not necessarily the same for each patient.
Demographic data and patient’s characteristics, reason

for PICU admission and mechanical ventilation, chronic
conditions, Pediatric Mortality Index 2 (PIM2), and
Pediatric Logistic Organ Dysfunction (PELOD) scores
were prospectively collected. SpO2 and heart rate were
continuously measured during recordings while FiO2 and
ventilatory settings were recorded manually by the
research assistant. Sedative medication use in the 4 hr
preceding the recordings were collected.

Statistical Analysis

The agreement between EAdi results obtained by the
two investigators was estimated with intraclass correla-
tion coefficients (ICC). After confirmation of a good inter-
observer reproducibility, as defined by ICC> 0.75, we
used the averages of the two observer’s results.
The respiratory physiology being different between

infants and older patients, we analyzed separately the data
from children younger and older than 1 year of age.4 In
both groups, we described the evolution of tonic EAdi
over the four phases using repeated measures ANOVA,
with Games–Howell post hoc test for differences if
necessary.

A univariate analysis was performed to test the
association of the following clinical data with tonic
EAdi in acute phase and prior to PICU discharge: age,
gender, PELOD score, PIM2 score, respiratory distress as
main reason for PICU admission, chronic respiratory
condition, primary reasons for mechanical ventilation,
FiO2, pressure support, PEEP, pH, and sedation. Variables
for which an association with EAdi was observed in
univariate analysis (P< 0.2) were introduced in a
multivariate analysis model.
In patients older than 1 year of age, as tonic EAdi is not

expected in this population, we evaluated the incidence of
occurrence of significant tonic EAdi, arbitrarily defined as
>1mV and >10% of inspiratory activity.
Data are presented as median (interquartile range)

unless otherwise specified. A P< 0.05 was considered as
significant. All statistical analyses were performed using
SPSS 17.0 (SPSS, Inc, Chicago, IL).

RESULTS

During the study period, 2,090 patients were admitted
in the PICU. Among them, 406 patients met the eligibility
criteria, 314 had at least one exclusion criterion, while 32
never met inclusion criteria. Sixty patients were included
in the study but technical difficulties prevented us from
recording 5 patients. The 55 remaining patients 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 (P¼ 0.96).
Among the 55 analyzed patients, we were able to get

recordings in the acute phase for 52 patients, 23 for pre-
extubation phase, 26 for post-extubation phase, and 23 at
PICU discharge. A single recording was obtained in 21
patients, while 11 patients had two recordings, 11 had
three, and 12 patients had four recordings. The patient
characteristics for each group are presented in Table 1. No
significant difference in patient characteristics was
observed between phases of the study. The ventilatory
settings and blood sample values are reported in Table 2.
Catheter positioning was always well tolerated and EAdi
recording was possible in all patients.
A median of 192 (136–279) breaths were analyzed per

recording periods. The intraclass correlation coefficient
for comparison of tonic EAdi obtained by the two
investigators was 0.96. Both investigators’ tonic EAdi
results were, therefore, averaged for subsequent analysis.

Tonic EAdi in Infants (Less Than 1-Year-Old;
n¼28)
The evolution of tonic EAdi in infants for each

recording is illustrated in Figure 2. When expressed as an
absolute value (in microvolts), tonic EAdi increased from
acute phase to PICU discharge (Fig. 2A; P< 0.05, with
significant difference between acute phase and post-

Fig. 1. Illustration of the definition of tonic diaphragmatic

activity. Above is the ventilatory pressure tracing and below is

the diaphragmatic electrical activity (EAdi) tracing. Dotted lines

on theEAdi tracing represent the peakof inspiratory EAdi (a), the

end of inspiration (b), defined when EAdi decrease to 70% of

peak EAdi, and the end of expiratory phase (c). Tonic

diaphragmatic activity is the mean EAdi during the last quartile

of expiration (gray areas).
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extubation phase). This increase parallels an increase in
inspiratory EAdi. When expressed as a percentage of
inspiratory EAdi (Fig. 2B), tonic EAdi decreased over the
PICU course (P< 0.05, with significant differences
between acute phase and both post-extubation and
PICU discharge phases). With both calculation methods
(absolute or percentage), no significant difference was
observed between pre-extubation phase and the two
phases without tracheal tube (post-extubation and PICU
discharge). In the subgroups of patients with three or four

available recordings, the evolution of tonic EAdi followed
a similar pattern (Fig. 3). At PICU discharge, tonic EAdi
was 3.7mV (2.7–5.5), corresponding to 30% (22–43) of
mean inspiratory EAdi.

Tonic EAdi in Children Older Than 1 Year (n¼ 27)
In older patients, tonic EAdi was generally negligible

in all phases, at 0.5mV (0.4–0.8) in acute phase, 0.5mV
(0.4–0.7) pre-extubation, 0.6mV (0.4–1.2) post-extuba-
tion, and 0.6mV (0.4–1.1) at PICU discharge. Within this

TABLE 1—Patient characteristics

Entire group

(n¼ 55)

Acute phase

(n¼ 52)

Pre-extubation

(n¼ 23)

Post-extubation

(n¼ 26)

Final recording

(n¼ 23)

Age, months, median (interquartile range) 9 (1–49) 9 (1–35) 4 (2–63) 3 (1–56) 8 (2–49)

Infants, n (%) 28 (51) 27 (52) 13 (57) 16 (62) 12 (52)

Male, n (%) 32 (58) 31 (60) 16 (70) 17 (65) 14 (61)

Chronic condition, n (%)

Respiratory disease 9 (16) 8 (15) 3 (13) 3 (12) 5 (22)

Cardiac disease 10 (18) 10 (19) 4 (17) 5 (19) 4 (17)

Central neurological disease 11 (20) 11 (21) 4 (17) 3 (12) 3 (13)

Immuno-oncologic disease 4 (7) 3 (6) 2 (9) 1 (4) 2 (9)

Neuro-myopathy 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

Main reasons for PICU admission, n (%)

Respiratory failure 34 (62) 32 (62) 14 (61) 18 (69) 17 (74)

Including bronchiolitis 13 (24) 11 (21) 5 (22) 8 (31) 5 (22)

Hemodynamic failure 10 (18) 9 (17) 4 (17) 5 (19) 3 (13)

Neurological disorder 17 (31) 17 (33) 10 (43) 9 (35) 6 (26)

Metabolic disorder 4 (7) 4 (8) 2 (9) 2 (8) 1 (4)

Trauma 3 (5) 2 (4) 2 (9) 1 (4) 1 (4)

Post-surgery 5 (9) 5 (10) 2 (9) 1 (4) 2 (9)

TABLE 2—Ventilatory Settings and Blood Sample Values Prior to Each Recording

Acute phase

(n¼ 52)

Pre-extubation

(n¼ 23)

Post-extubation

(n¼ 26)

Final recording

(n¼ 23)

Days since intubation 3 (1–7) 4 (3–9) 4 (3–8) 5 (4–11)

Ventilatory modes 18 ACV-P 2 ACV-P 1 nBIPAP 9 Nasal O2

18 SIMV 4 SIMV 2 nCPAP 14 room air

5 PRVC 17 PSV 16 Nasal O2

11 PSV 7 room air

Set respiratory rate, min�1 25 (20–34) 13 (9–16) – –

Tidal volume, ml/kg1 6.7 (5.5–74) 6.3 (6.1–7.2) – –

Plateau pressure, cm H2O
2 22 (19–23) 13 (13–15) – –

Pressure support, cm H2O
3 10 (8–12) 8 (7–10) – –

PEEP, cm H2O 5 (5–6) 5 (5–5) 6 (5–7) –

FiO2, % 35 (30–41) 25 (25–30) 40 (28–60) –

pH (arterial or capillary) 7.40 (7.35–7.42) 7.40 (7.37–7.42) 7.39 (7.36–7.43) 7.41 (7.38–7.43)

PaCO2, mmHg 46 (42-53) 43 (39–48) 45 (39-49) 42 (37–48)

Hemoglobin, g dl�1 9.6 (7.6–10.7) 9.9 (8.3–10.8) 10.3 (8.3–11.3) 9.9 (8.3–11.2)

Lactate, mmol l�1 1.4 (0.8–1.9) 1.3 (1.1–1.8) 1.3 (1.1–1.8) 1.2 (0.9–1.6)

ACV-P, pressure assist control ventilation; SIMV, synchronized intermittent volume control ventilation; PRVC, pressure regulated volume

controlled ventilation; PSV, pressure support ventilation; PEEP, positive end expiratory pressure; nBIPAP, nasal bilevel positive airway pressure;

nCPAP, nasal continuous positive airway pressure.
1In volume control mode.
2In pressure control mode.
3In pressure supported breathing.
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population, 10 patients (37%) have showed significant
tonic activity (>1mV and >10% of inspiratory EAdi) at
one point during their PICU stay. Those 10 patients were
13–118 months of age and presented mostly with
respiratory conditions and oxygenation impairment
(Table 3).

Association of Clinical Variables and Tonic EAdi

In univariate analysis, age, bronchiolitis, asthma, and
pulmonary edema/effusion as primary reasons for
mechanical ventilation, sedation, and comfort were
correlated with tonic EAdi for the first and last recordings.
In multivariate analysis, bronchiolitis diagnosis was the
only independent variable associated with tonic EAdi
(P< 0.05).

In the post-intubation phase, three infants needed
assistance with noninvasive ventilation. Their tonic EAdi
was 3.8, 4.3, and 8.0mV,which tended to be higher than in
patients with no support (P¼ 0.06; Mann–Whitney test).

DISCUSSION

Using a systematic assessment of tonic EAdi through-
out the PICU stay of critically ill children, this study
confirms the hypothesis that in infants less than 1-year-
old, tonic EAdi is involved in the ventilatory control both
during invasive mechanical ventilation and in “normal”
breathing. In older patients, tonic EAdi can be reactivated
under certain pathological conditions.

Evolution of Tonic EAdi in Critically Ill Infants

Our results confirm the persistence of tonic EAdi after
extubation in infants. The design of this study does not
permit to confirm the reason of the presence of tonic
EAdi. However, previous physiological studies suggest
that tonic EAdi is involved in EELV control, especially in
infants. As mentioned previously, infants need to actively
maintain their EELV above the relaxation volume.
Different mechanisms are involved in this active elevation
of the EELV. The high respiratory rate and short
expiratory time generate a dynamic inflation.5,16,17 The
laryngeal contraction during expiration induce an
expiratory braking which contributes to this process.6

And last, the persistence of diaphragm contraction into
expiration also decreases the lung expiratory emptying.
This tonic EAdi has been described since 19778 and a few
years later, Lopes et al.9 linked the tonic EAdi with the
control of EELV. They showed in neonates that apneas
were systematically followed by a fall in EELV only if
accompanied by a decrease in tonic EAdi. The direct

Fig. 2. Evolution of tonic (light-dotted part) and inspiratory (dark-hatched part) electrical activity

of diaphragm over the PICU course in the 28 infants younger than 1-year-old (panel A). Panel B

illustrates the evolution of tonic diaphragm activity expressed in percentage of inspiratory

activity.

Fig. 3. Evolution of tonic diaphragm activity (expressed in

percentage of inspiratory activity) in the infants younger than 1-

year-old, including data from all patients (dark bars), or data

from patients in whom at least three recordings (striped bars) or

all four recordings (white bars) were available.
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impact of tonic EAdi on EELV maintain was further
tested in cats.18 Through direct manipulation of phrenic
output, it was showed that any increase in diaphragm
activity during expiration was followed by an expiratory
braking. The importance of tonic EAdi has been debated
in humans, in particular due to the suspicion that tonic
EAdi was observed by surface electrodes which could be
contaminated by other muscles activity.19 Our team
confirmed in intubated infants that tonic EAdi was also
present when recorded via esophageal electrodes.10 Tonic
EAdi increased during short period with no PEEP,
suggesting again a role in the EELV maintain. During
tracheal intubation, the laryngeal contraction is impossi-
ble and the expiratory timing is markedly influenced by
the ventilatory settings. It was, therefore, unclear if tonic
EAdi is a normal infant respiratory characteristic or if it is
activated as a compensatory mechanism when the other
mechanisms of EELV maintain are impeded by tracheal
tube or ventilatory support. Beck et al.11 observed high
levels of tonic EAdi in rabbits with acute lung injury. The
addition of PEEP was needed during the intubation phase
to decrease tonic EAdi. When the animals were extubated
and assisted with noninvasive neurally adjusted ventila-
tory assist (NAVA), tonic EAdi disappeared despite the
absence of PEEP.11 This observation reinforced the
hypothesis that tonic EAdi is particularly important
during tracheal intubation. The present study, however,
underlines that in infants, tonic EAdi remains an
important component of the ventilatory control even in
spontaneously breathing and nonintubated conditions.
The difference with the results observed in rabbits might
come from the fact that these animals were adults or from
inter-species differences. Another difference is that the
rabbits were intubated for a short period of time, so one
might expect that their upper airways may become

functional faster after pulling the tube, as compared to
children who were intubated longer.
We observed an independent association between

bronchiolitis and tonic EAdi. An association between
tonic EAdi and bronchoconstriction and asthma has
previously been described in adults.20–23 It has not been
reported in bronchiolitis to our knowledge. Bronchiolitis
and asthma do share some common pathophysiological
features such as expiratory limitations and hyperinfla-
tion,24 and the presence of tonic EAdi in these diseases
may have similar reason and impact. Studies in asthmatic
patients suggest that tonic EAdi actively contributes in the
hyperinflation, as an adaptive mechanism of the patient in
response to expiratory limitation.20–23 An increase in
EELV during bronchoconstrictionmay permit to decrease
the expiratory work of breathing in adults with asthma.25

In infants with bronchiolitis, the expiratory time constant
has also been shown to be improved at higher EELV.24

Another hypothesis is that tonic EAdi does not cause but
is rather induced by hyperinflation.26,27 The persistence of
diaphragm contraction till the end of expiration may
preserve the shape and length of diaphragm fibers during
hyperinflation, thereby, maintaining their contractile
capacity.21,27 This new description of tonic EAdi as a
potential pathophysiologic aspect in bronchiolitis de-
serves further study. In particular, one can wonder if this
could not partly explain why nasal CPAP is particularly
efficient in patients with bronchiolitis.28–30 It is also not
impossible that the presence of tonic EAdi during
bronchiolitis is caused by a direct impact of viral
infection on the respiratory pattern.
Bronchiolitis does not totally explain the presence of

tonic EAdi in infants because it was also constantly
observed in infants with other pathologies. Moreover,
tonic EAdi was noted through the fourth recording (pre-

TABLE 3—Clinical Conditions and Respiratory Parameters During Episode of Tonic Diaphragmatic Activity Observed in 10
Patients Older Than 1-Year-Old

Patient

number

Recording

phase Condition

Age

(months) FiO2 (%)

PEEP

(cm H2O) pH PaCO2 mmHg SpO2

Tonic

EAdi

(mV)

4 4 Inhalation burn 118 21 – 7.42 39 99 1.4

7 1 Bronchiolitis/ARDS 13 40 5 7.45 46 96 2.7

8 3 Post-neurosurgery 19 21 – 7.48 35 100 1.2

8 4 Post-neurosurgery 19 21 – 7.42 35 98 4.3

15 1 Pneumonia/ARDS 24 40 7 7.43 49 98 1.9

15 2 Pneumonia/ARDS 24 25 5 7.47 39 96 5.1

19 3 Inhalation burn 66 40 – 7.35 45 100 1.1

24 2 Laryngitis/RD 23 30 5 7.46 36 99 1.0

24 3 Laryngitis/RD 23 60 – 7.46 30 99 2.5

31 3 Hemodynamic instability 64 28 – 7.44 38 98 2.3

45 1 BPD/pneumonia/RD 29 95 10 7.40 47 92 2.0

52 1 Myocarditis/RD 18 50 5 7.40 46 100 1.2

54 1 Pulmonary edema/ALI 33 41 9 7.42 46 100 2.1

ARDS, acute respiratory distress syndrome; BPD, broncho-pulmonary dysplasia; RD, respiratory distress; ALI, acute lung injury.
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discharge), when the impact of pathology was probably
minimal. Of course, those patients were recovering from a
critical illness and may not reflect exactly “normal”
respiration. In particular, we did not demonstrate that
laryngeal braking capacity was completely re-estab-
lished. However, most patients were extubated for more
than 1 day prior to the last recordings and did not show
signs of respiratory distress. Hypercapnia has also been
shown to be associated with elevated tonic EAdi in
preterm infants.7 In this study, PaCO2 levels were within
normal range for any of the recordings, and no association
between PaCO2 and tonic EAdi was observed. Finally, the
high levels of tonic EAdi observed in the three infants
who needed NIVafter extubation illustrate the association
of the respiratory pathology severity with tonic EAdi.
Other elements that may have influenced tonic EAdi

are the mechanical ventilation settings. This is especially
true for PEEP as showed in the study by Beck where the
removal of PEEP in intubated lung-injured rabbits led to a
2.5-fold increase (P< 0.05) in tonic EAdi levels.11 This
tonic EAdi increase was also observed in a less extent
during short periods without PEEP in our previous study
in intubated infants (P< 0.05).10 In the present study, we
did not conduct changes in ventilatory settings and most
PEEP levels were close to 5 cm H2O. It is therefore not
possible to evaluate the direct impact of this parameter on
tonic EAdi in these patients. Should we have observed a
marked decrease in tonic EAdi after extubation, this
would have suggested that pre-extubation PEEP was
insufficient for EELV maintain, leading to increased
patient efforts. But we rather observed relatively similar
levels of tonic EAdi before and after extubation, which
may suggest that the ventilatory settings applied (in
particular PEEP, but also respiratory times) were
relatively appropriate to maintain EELV in the context
of tracheal intubation. The ventilatory settings used
reflect the practice of more than 20 physicians working on
the PICU and seems, therefore, representative of what is
usually seen on a PICU. Of note, the absence of difference
between pre- and post-extubation tonic EAdi could also
have resulted from a lack of sensitivity of this value,
although this is not supported by the frequent intra- and
inter-patient variations of tonic EAdi and by previous
work.10

Reactivation of Tonic EAdi in Older Children

As expected, tonic EAdi was generally low or absent
beyond infantile period. However, we observed transitory
episodes with significant tonic EAdi in more than one
third of these children. The majority of these patients had
hypoxemic acute lung injury or upper airway disease
(laryngitis and inhalational burn), and they tend to need
higher FiO2. In animal models, tonic EAdi could be
activated with hypoxia in cats31,32 or rabbits.11 Loss of

EELV created by abdominal distension has also been
shown to be associated with higher tonic EAdi in
rabbits.33 In human adults, tonic EAdi has been induced
by application of continuous negative airway pressure.34

In a study of desaturation episodes in patients with cystic
fibrosis during rapid-eye-movement sleep, decrease in
tonic EAdi was also correlated with a loss in EELV.35

Those data are in line with the hypothesis that tonic
EAdi is activated as an effort to increase EELV in order
to prevent de-recruitment or hypoxemia. However,
this association is not always simple, as illustrated by
the aforementioned association with asthma and
hyperinflation.

Implications

While tonic EAdi seems a normal feature of the
respiratory pattern in infants, its increase or reappearance
seems an indicator of the efforts made by the patients to
maintain their EELV, to improve oxygenation, or to adapt
the respiratory system to an expiratory limitation. The
quantification of tonic EAdi has, therefore, the potential to
become a monitoring tool in the management of
mechanical ventilation. As several studies showed that
tonic EAdi increases in reaction to a decrease in lung
volume, it makes sense to consider that tonic EAdi could
help in the titration of PEEP. However, an increase in tonic
EAdi should not always lead to an increase in PEEP level.
It is important to consider other situations associated with
high tonic EAdi where PEEP augmentation may be
inappropriate, such as hypoxemia consecutive to a
phenomenon not sensible to PEEP, like a pneumothorax,
or a hyperinflation condition. We think that tonic EAdi
could be helpful as an indicator of inappropriate
ventilation, which should alert the physician that a
reassessment of the patient status or ventilatory settings
may be necessary. Further studies should be conducted to
determine the clinical benefit of such monitoring strategy.

Limitations

Several limitations should be kept in mind when
interpreting our results. First, the inclusion process was
complex and many patients met exclusion criteria, which
could limit the external validity of our findings. However,
the studied population appears to be representative of
usual PICU patients, and no clear difference was found
between included and non included eligible patients.
Second, certainmedical conditions were a priori excluded
from the study, and our results cannot be generalized to
these conditions, in particular neuromuscular diseases.
Third, many patients had little respiratory activity during
the acute phase, which can be due to oversedation or
overassistance. This may have led to overestimation of
tonic EAdi in acute phase, which is whywe also expressed
it in absolute terms (mV). Fourth, we were able to get four
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recordings in a limited number of patients, mainly
because the catheters had been removed before the
extubation, or because extubation occurred during periods
when recordings were not possible. Although the
evolution of tonic EAdi seemed similar in the subgroup
of patients with all recordings available, this limited the
possibility to conduct subgroup analysis, in particular to
take into account the variability in respiratory conditions.
Last, we did not record the respiratory flow-time tracings,
limiting the possibility to evaluate the potential impact of
dynamic hyperinflation.

CONCLUSIONS

Tonic EAdi plays a role in ventilatory control of infants
with or without mechanical ventilation, and can be
reactivated in older critically ill patients. Tonic EAdi may
play an under-recognized role in bronchiolitis pathophys-
iology. The interest of tonic EAdi as a tool to monitor and
titrate mechanical ventilation should be evaluated.
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Résumé La ventilation non invasive (VNI) est un outil théra-
peutique utilisé dans la majorité des réanimations pédiatri-
ques. L’objectif de la VNI est d’éviter le recours à l’intuba-
tion, mais près de 25 % des enfants nécessitent finalement une
ventilation invasive. La mauvaise synchronisation patient-
ventilateur est un des facteurs d’échec de la VNI. Le récent
mode NAVA (neurally adjusted ventilatory assist) permet
d’améliorer la synchronisation et pourrait permettre d’amélio-
rer l’efficacité de la VNI. L’objectif de cette revue est de faire
le point sur les données actuelles de la littérature concernant le
mode VNI-NAVA chez l’enfant et de fournir des repères pra-
tiques pour l’utilisation de ce mode, à partir de ces évidences
et de notre expérience clinique. Les études sur la VNI-NAVA
sont essentiellement d’ordre physiologique et de courte durée.
Elles confirment toutes l’amélioration de la synchronisation
patient-ventilateur. Si l’expérience clinique suggère que cer-
tains patients bénéficient de cette optimisation du support,
des études supplémentaires sont nécessaires pour évaluer
l’impact clinique de la VNI-NAVA sur le confort, le taux
d’échec et la durée du support ventilatoire des enfants de réa-
nimation pédiatrique.

Mots clés Ventilation non invasive · Neurally adjusted
ventilatory assist · Réanimation pédiatrique · Ventilation
mécanique

Abstract Non invasive ventilation (NIV) is a therapeutic
modality frequently used in pediatric intensive care units in

order to avoid intubation. However, about 25% of children
fail and require invasive ventilation. Poor patient-ventilator
synchrony is one of the reasons why patients fail to respond
to NIV. The new mode of ventilation NAVA (neurally adjus-
ted ventilatory assist) allows better patient-ventilator syn-
chrony which could potentially improve the efficiency of
NIV. The objectives of this paper are to review the available
data, and propose practice guidelines on the use of NIV-
NAVA in critically ill children, based on published evidence
and on our clinical experience. The available studies eva-
luate the physiological aspects of the NAVA over short
periods of observation. All studies confirm improved
patient-ventilator synchrony. Given that clinical experience
suggests that certain patients might benefit from improved
support, further studies are required to evaluate the clinical
impact of NIV-NAVA on comfort, failure rates, and length of
ventilatory support in critically ill children.

Keywords Non invasive ventilation · Neurally adjusted
ventilatory assist · Pediatric critical care · Mechanical
ventilation

Introduction

La détresse respiratoire est la première cause d’admission en
réanimation pédiatrique. Plus de la moitié des patients admis
dans une unité de soins intensifs pédiatriques nécessitent un
support ventilatoire [1]. L’objectif de la ventilation est de
permettre une décharge des muscles respiratoires tout en
maintenant des échanges gazeux adéquats le temps que le
processus pathologique responsable de la défaillance respi-
ratoire se résolve. La ventilation invasive (VI) est une théra-
pie vitale et fut longtemps le seul support ventilatoire dispo-
nible en pédiatrie. La VI est associée à des effets secondaires
délétères rapportés chez 40 % des patients ventilés: compli-
cations mécaniques (sténose sous-glottique, pneumothorax),
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infectieuses (pneumonie associée au ventilateur) et lésions
pulmonaires générées par la ventilation [2]. La ventilation
non invasive (VNI), développée initialement chez l’adulte
puis chez l’enfant, permet de supporter efficacement le
patient [3–6] et de minimiser les complications liées à la
VI [7,8]. La VNI est de plus en plus utilisée en réanimation
pédiatrique [9–12], devenant le principal mode utilisé dans
certaines pathologies [5]. En revanche, le taux d’échec de la
VNI dans la population pédiatrique reste non négligeable,
avec une fréquence rapportée entre 10 et 45 % [10,13]. Les
prédicteurs d’échec de la VNI incluent le jeune âge, le faible
poids, la présence de pathologie chronique avant l’admis-
sion, les apnées, un ratio SpO2/FiO2 bas, l’absence d’amé-
lioration du rythme cardiaque et de la fréquence respiratoire
dans les premières heures et un score Pediatric Risk of Mor-
tality (PRISM)-III à 24h élevé [14,15]. La VNI peut être
délivrée avec une simple pression positive continue (CPAP
ou Continuous Positive Airway Pressure) ou une ventilation
à deux niveaux de pressions, au cours de laquelle une inter-
action entre le patient et le ventilateur devient indispensable.
L’asynchronie patient-ventilateur est très fréquente chez les
enfants, en VI [16–18] comme en VNI [13,17,18]. L’asyn-
chronie est une des causes reconnues d’échec de la VNI [21].
L’optimisation de la synchronie en pédiatrie représente un
défi particulier pour les raisons suivantes : la présence de
fuites à l’interface patient-masque favorisées par la variabi-
lité de la taille des enfants rendant l’adaptation du masque
difficile, la fréquence respiratoire élevée, les petits volumes
courants [19,22]. Le mode NAVA (Neurally Adjusted Venti-
latory Assist), dans lequel la ventilation est synchronisée
avec le signal d’activité électrique du diaphragme, permet
d’optimiser les interactions patient-respirateur, quelles que
soient les fuites et les conditions mécaniques. Ce mode
s’annonce donc particulièrement intéressant en contexte de
VNI. L’objectif de cette revue est de préciser l’intérêt du
mode NAVA en VNI pédiatrique et de fournir des repères
pratiques pour l’utilisation de ce mode, à partir des données
de la littérature et de notre expérience clinique.

Principes du mode NAVA

Le mode NAVA est un mode de ventilation asservi à la
demande ventilatoire du patient, reflétée par son activité
électrique du diaphragme (AEdi). L’AEdi est mesurée en
continu à l’aide d’une sonde gastrique munie d’un faisceau
de microélectrodes et d’un algorithme de traitement de
signal validé, permettant de s’affranchir des mouvements
du diaphragme par rapport aux électrodes et des artefacts
provenant d’autres activités musculaires [23]. L’AEdi est
un bon reflet de la « demande » ventilatoire des centres res-
piratoires du patient [24]. Tel qu’illustré sur la copie d’écran
du ventilateur (Fig. 1), le ventilateur déclenche une assis-

tance dès la détection d’une activation électrique du dia-
phragme, et cette assistance s’interrompt lorsque l’AEdi
diminue à 70 % de son pic. En outre, le support inspiratoire
délivré est proportionnel à l’AEdi afin de permettre l’adap-
tation du support à la demande du patient [25]. Le niveau de
l’aide inspiratoire (cmH2O) délivré est obtenu en multi-
pliant le niveau NAVA (cm H2O. μV-1) réglé par le niveau
d’AEdi (μV) mesurée. L’inspiration peut être déclenchée par
le signal AEdi ou par le trigger pneumatique classique selon
le système « premier arrivé premier servi ».

Importance de l’asynchronie patient-
ventilateur

L’asynchronie patient-ventilateur est définie comme un
décalage entre l’inspiration du patient et l’insufflation du
ventilateur. La synchronisation adéquate entre le patient et
le ventilateur permet d’améliorer le confort du patient, de
réduire son travail respiratoire et de diminuer la durée de
support ventilatoire chez l’adulte [19,26]. Afin de quantifier
ce phénomène, l’index d’asynchronie (IA) est fréquemment
utilisé, représentant le nombre de cycles asynchrones par
minute en pourcentage du nombre total de cycles délivrés
par le ventilateur. Un seuil de 10 % est généralement consi-
déré pour définir l’asynchronie sévère. Il faut noter que l’IA
ne prend pas en compte les délais de réponse d’activation et
inactivation du support par rapport à la demande du patient.

Les méthodes de référence pour déterminer de manière
précise l’asynchronie nécessitent des mesures physiolo-
giques invasives (pression œsophagienne ou électromyo-
gramme du diaphragme), rarement utilisées en pratique
clinique. Un premier intérêt notable du mode NAVA est la
possibilité de détecter facilement les asynchronies, grâce à
la visualisation simultanée des tracés d’AEdi, de pression

Fig. 1 Copie d’écran du ventilateur en mode VNI-NAVA
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et de volume. Plusieurs types d’asynchronie peuvent être
observés chez l’enfant.

Les efforts inefficaces sont définis comme des efforts ins-
piratoires du patient non assistés par le ventilateur. Ce type
d’asynchronie est très fréquent en pédiatrie en raison des
faibles volumes et débits générés, et de la sensibilité insuffi-
sante des triggers des respirateurs. Ces efforts inefficaces
sont également favorisés par les pathologies obstructives
générant une pression positive intrinsèque (PEPi). En effet
l’effort développé par le patient peut être insuffisant pour
contrecarrer la PEPi et déclencher le trigger. Cela a été
démontré chez l’adulte [27], et plusieurs pathologies pédia-
triques s’accompagnent de PEPi (bronchiolite, dysplasie
broncho-pulmonaire, asthme aigu grave…). Le système de
déclenchement du mode NAVA étant indépendant des condi-
tions mécaniques, il n’est pas influencé par la surcharge
imposée par la PEPi. Par ailleurs, les efforts inefficaces sont
aussi favorisés par la sur-assistance. Là encore, le mode
NAVA a un intérêt théorique par son principe d’assistance
proportionnelle qui limite le risque de sur-assistance par
rétrocontrôle.

Les auto-déclenchements sont des cycles délivrés par le
ventilateur en l’absence d’effort. Les principaux facteurs
favorisant ce type d’asynchronie sont les fuites, les oscilla-
tions cardiaques [28], et une sensibilité excessive du trigger.
Ce type d’asynchronie est fréquent en VNI pédiatrique du
fait des fuites et des performances du trigger [20]. Le trigger
neural du mode NAVA n’est pas affecté par l’importance des
fuites et réduit ce type d’asynchronie. Les doubles déclen-
chements correspondent à deux cycles délivrés consécutive-
ment pour un même effort inspiratoire. Ils surviennent géné-
ralement quand la demande du patient est importante et que
le temps d’insufflation du ventilateur est trop court.

Les délais d’activation et d’inactivation de l’assistance
constituent une part importante d’asynchronie en pédiatrie.
Les temps inspiratoires et expiratoires des enfants étant
courts, les délais sont proportionnellement particulièrement
importants [17,18]. Les délais d’activation et d’inactivation
peuvent être positifs ou négatifs selon la réponse tardive ou
prématurée du ventilateur [17]. Le concept de synchronisa-
tion du mode NAVA a également un intérêt dans ce type
d’asynchronie car le délai de réponse est diminué.

De multiples effets délétères de l’asynchronie patient-
ventilateur en VI sont décrits chez l’adulte: moins bonne
réduction du travail respiratoire, inconfort, troubles du som-
meil, support ventilatoire prolongé [26,29]. En VNI, l’asyn-
chronie est associée à une moins bonne oxygénation, une
moins bonne décharge des muscle respiratoire [30] et à un
inconfort [30–32]. Tous ces éléments sont des facteurs de
risque d’échec de la VNI. Chez l’enfant, les asynchronies sont
plus fréquentes, avec un IA de 25 à 60 % en fonction du type
de support et des études [17,31,33]. L’augmentation de la
durée de ventilation liée à l’asynchronie n’a pas été démontrée

en pédiatrie, mais une association avec la décharge du travail
respiratoire a été mise en évidence [19]. Chez des enfants
avec obstruction des voies aériennes hautes ventilés en VNI,
Essouri et al. [19] retrouvent une proportion importante
(>50 %) de cycles ventilatoires non détectés et des délais ins-
piratoires élevés de l’ordre de 300 ms. Dans ce même travail,
la décharge des muscles respiratoires était moins bonne en
VNI à deux niveaux d’assistance par rapport à la CPAP seule.

Données de la littérature

Les études sur la VNI-NAVA chez l’adulte

Les travaux préliminaires sur des volontaires sains ont
confirmé l’efficacité de la VNI-NAVA en termes de décharge
des muscles respiratoires et l’amélioration du confort [34,35].
Quatre études ont évalué le mode VNI-NAVA chez des
patients de réanimation adulte, avec des devis de type cross-
over, évaluant le mode NAVA sur de brèves durées (10 à 30
minutes) et sur un petit effectif de patients (voir le Tableau 1)
[30,32,36,37]. Ces études confirment toutes que la VNI en
mode NAVA est associée à une amélioration significative
de la synchronisation patient-ventilateur. Tous les patients
avaient un taux d’asynchronie <10 % et une absence d’effort
inefficace en VNI-NAVA. Cette amélioration est supérieure à
celle démontrée par l’utilisation de l’algorithme VNI. Une
diminution significative du délai inspiratoire était aussi obser-
vée, sous le seuil de 150 ms, qui semble cliniquement perti-
nent [38].

Les études sur la VNI-NAVA en réanimation
pédiatrique

En ventilation invasive, plusieurs études ont confirmé que
le mode NAVA améliore significativement toutes les for-
mes d’asynchronie chez les enfants [13,15,37]. En revan-
che, il existe peu d’études pédiatriques sur la VNI-NAVA
(Tableau 1).

Beck et al. [40] en 2009 ont montré la faisabilité de la
VNI-NAVA chez les prématurés de petits poids, malgré des
fuites importantes. Cette étude portait sur sept nouveau-nés
ventilés en NAVA invasif puis, au décours de l’extubation,
en VNI-NAVA (durée 20 minutes). La synchronie en mode
VNI-NAVA restait aussi bonne qu’en ventilation invasive
NAVA.

Vignaux et al. [13] ont publié récemment une étude de
type cross-over chez six enfants de 5 à 27 mois nécessitant
une VNI suite à une détresse respiratoire post-extubation.
L’évaluation de la synchronisation a été réalisée sur trois
modes ventilatoires randomisés : VNI en mode convention-
nel, VNI conventionnelle ajustée pour obtenir un cyclage
expiratoire optimal, et VNI-NAVA. L’optimisation de la
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Tableau 1 Résumé des études adultes et pédiatriques portant sur la VNI-NAVA

Étude Population Devis, type VNI, durée Interface

VNI

Évolution en NAVA

des paramètres

d’asynchronie

Autres paramètres

Études en réanimation adulte

Cammarota

2011 [34]

10 patients

post-extubation

Croisée

AI 20 minutes

NAVA 20 minutes

AI 20 minutes

Casque Diminution délais

inspiratoires

Diminution efforts

inefficaces

Diminution Index

Asynchronie

Pas de changement :

AEdi, FR, gaz artériel,

ratio paO2/FiO2

Piquilloud

2012 [35]

13 patients

de réanimation

Croisée randomisée

AI 20 min

NAVA 20 min

Masque

facial

Diminution délais

inspiratoires

Diminution

des cyclages

prématurés et tardifs

Diminution efforts

inefficaces

Diminution Index

Asynchronie

Pas de changement :

AEdi, FR, Vt, gaz

artériel, ratio paO2/FiO2

Schmidt

2012 [28]

17 patients post-

extubation

Croisée randomisée AI 10 min

AI VNI+ 10 min

NAVA 10 min

NAVA VNI+ 10 min

Masque

oronasal

Diminution délais

inspiratoires

Diminution

des cyclages

prématurés et tardifs

Diminution double

déclenchements

Diminution Index

Asynchronie

Diminution Vt

Aucun changement :

AEdi, FR

Bertrand

2013 [30]

13 patients

de réanimation

Croisée randomisée

NAVA 30 min

AI 30 min

Masque

facial

Diminution délais

inspiratoires

Diminution délais

de cyclage tardifs

Diminution efforts

inefficaces

Diminution Index

Asynchronie

Augmentation AEdi

Pas de changement : Vt,

gaz artériel, ratio paO2/

FiO2

Études en réanimation pédiatrique

Vignaux

2013 [13]

Six enfants

postopératoires

Croisée randomisée

AI 15 min

AI TE -15 % 15 min

AI TE +15 % 15 min

NAVA 20 min

Canules

nasales

Masque

facial

Diminution délais

inspiratoires

Diminution cyclages

prématurés

Diminution efforts

inefficaces

Diminution Index

Asynchronie

Pas de changement :

AEdi, FR, Vt

Ducharme-

Crevier

2013 [39]

12 enfants

de réanimation

Croisée CPAP ou AI 30 min

NAVA 60 min

CPAP ou AI 30 min

Masque

nasal

ou facial

Diminution délais

inspiratoires

Diminution efforts

inefficaces

Pas de changement :

AEdi, FR

AI : aide inspiratoire ; NAVA : neurally adjusted ventilatory assist ; VNI+ : algorithme pour VNI ; TE : trigger expiratoire ; AEdi : activité

électrique du diaphragme ; FR : fréquence respiratoire ; Vt : volume courant
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VNI conventionnelle permettait une diminution modérée et
non significative de l’IA (40 % versus 65 %, p=0,05), alors
que la VNI-NAVA entraînait une forte réduction de l’IA
(2 % vs 65 %, p<0,001). Aucun patient en mode NAVA
n’a présenté d’effort inefficace ou de délai de cyclage signi-
ficatif. De plus, le délai inspiratoire était significativement
plus court en NAVA (61 ms versus 149 ms, p<0,05), permet-
tant un support inspiratoire plus long. Le volume courant
et la fréquence respiratoire n’étaient pas significativement
modifiés.

Une étude récemment réalisée par notre équipe sur l’éva-
luation du mode VNI-NAVA chez 12 enfants confirme éga-
lement la franche amélioration de la synchronisation en
mode VNI-NAVA [41].

En résumé, les études publiées chez l’adulte comme chez
l’enfant confirment toutes l’intérêt potentiel majeur du mode
NAVA pour améliorer la synchronisation en VNI. Ce béné-
fice clair est également observé dans la pratique clinique, tel
qu’illustré dans la Figure 2. Cependant, le bénéfice clinique
de cette synchronisation optimisée en termes de succès de la
VNI, de taux d’intubation, de durée de ventilation ou de
séjour, reste à démontrer. Ces bénéfices éventuels devront
également être mis en balance avec le coût additionnel lié à
l’équipement spécifique du ventilateur et aux sondes gastri-
ques spéciales. Il faut noter qu’en VNI pédiatrique, la mise
en place d’un cathéter œsophagien au cours de la VNI est
quasi systématique et ne correspond donc pas à une augmen-
tation de l’invasivité avec ce mode.

La VNI-NAVA en pratique

Interfaces

Plusieurs interfaces sont disponibles pour pratiquer la VNI
en NAVA. Le choix de l’interface dépend de la sévérité de
l’insuffisance respiratoire, du faciès du patient, de sa tolé-
rance présumée et de son âge. Le masque naso-buccal ou
facial permet une pression positive nasale et buccale, limi-
tant les fuites par la bouche ouverte, et permettant d’assurer
un support plus important. Ce type de masque est donc pré-
férentiellement choisi chez les patients nécessitant un sup-
port important. Cependant, ces masques sont parfois moins
bien tolérés que des interfaces nasales. Le masque nasal, les
canules binasales et le tube nasopharyngé exposent à des
fuites plus importantes mais elles semblent mieux tolérées,
permettent la vocalisation, et limitent le risque d’inhalation
lors de vomissements. Les fuites importantes avec ces inter-
faces ne perturbent pas la synchronisation en mode VNI-
NAVA, mais la qualité de la transmission du support aux
voies aériennes basses est plus incertaine. Aucune étude
n’a rapporté de comparaison des interfaces en mode NAVA
en pédiatrie. Il semblerait y avoir chez les patients adultes
une tolérance accrue au masque nasal comparé au masque
facial et aux lunettes nasales [42,43]. Les masque faciaux
récemment développés sont particulièrement bien tolérés
dans la pratique pédiatrique, et ils sembleraient plus effica-
ces que les autres interfaces [42,43].

Fig. 2 Exemple représentatif de la synchronisation des tracés de pression des voies aériennes supérieures (PVAS) et de l’activité élec-

trique du diaphragme (AEdi) d’un enfant sous ventilation non invasive en mode aide inspiratoire (panel A) et en mode NAVA (Neurally

Adjusted Ventilatory Assist) (panel B). On observe la disparition des efforts inefficaces et la meilleure synchronisation et variabilité

en mode NAVA
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Sonde gastrique spécifique

La sonde gastrique munie de microélectrodes pour la mesure
de l’AEdi est disponible en taille 6F, 8F, et 12F. La distance
d’installation peut être estimée grâce à une formule fournie
par le fabricant (à partir de la distance nez-oreille-xiphoïde),
puis la position doit être vérifiée à l’aide de l’écran spéci-
fique « NAVA catheter positioning » du Servo I. Cet écran
affiche quatre dérivations rapportant l’activité ECG et dia-
phragmatique. Les trois signes nécessaires pour confirmer la
bonne position sont : 1) la diminution de l’amplitude des
complexes QRS au niveau distal ; 2) la présence des ondes
P sur les deux premiers signaux avec atténuation en distalité ;
et 3) la position du signal diaphragmatique bleu majoritaire-
ment dans les deux tracés centraux [44].

Réglages

Le niveau NAVA

En VNI tout comme en VI, la méthode idéale pour définir le
niveau NAVA reste à déterminer. Dans la plupart des études
mentionnées, le niveau NAVA était réglé pour obtenir une
aide inspiratoire identique à celle délivrée en VNI conven-
tionnelle. C’est certainement la technique la plus simple et la
plus utilisée. Cependant, l’essentiel est de rapidement rééva-
luer le niveau NAVA après quelques minutes, car l’ampli-
tude de l’AEdi change fréquemment après le passage en
NAVA. Il faut donc s’assurer que le nouveau niveau de sup-
port généré est adéquat, notamment en fonction de la fré-
quence respiratoire, du volume courant et des efforts du
patient (cliniques et reflétés par l’AEdi). L’adaptation du
niveau NAVA pour cibler une valeur d’AEdi semble promet-
teuse, en visant soit des valeurs « normales » d’AEdi (qui
restent à définir), soit un pourcentage de l’AEdi mesuré au
cours d’une épreuve standardisée [45]. Une autre méthode a
été récemment décrite par Chiew et al. [46] chez 12 patients
adultes de réanimation. Le niveau NAVA était d’abord réglé
afin d’obtenir le même degré d’aide inspiratoire qu’en VNI
conventionnelle, puis modifié à 50 % puis 150 % de cette
valeur initiale. À chaque palier, la relation entre le volume
courant et l’intégrale de l’AEdi (reflet de la demande) était
évaluée. Le Range90, correspondant à l’intervalle entre les
5e et 95e percentiles de ce ratio Vt/ΔAEdi, était utilisé pour
comparer les différents niveaux NAVA. Plus le Range90 est
élevé, plus le support respiratoire est inconsistant et variable,
reflétant une moins bonne adéquation entre le volume cou-
rant et la demande du patient. Dans cette série de 12 patients,
le seuil de NAVA à 50 % était considéré comme optimal. Par
contre, les données individuelles étaient très éparses, suggé-
rant que le niveau NAVA doit être estimé individuellement.
Cette approche pourrait être évaluée chez l’enfant.

Autres réglages

La pression positive expiratoire (PEEP) et la FiO2 sont ajus-
tées de façon similaire en VNI-NAVA et en VNI convention-
nelle. Lors d’une transition du mode CPAP au mode NAVA,
l’ajout de l’assistance inspiratoire entraîne une hausse de la
pression moyenne des voies aériennes, et une diminution de
la PEEP peut être nécessaire. L’activité tonique du dia-
phragme (AEdi persistant pendant l’expiration) permet le
maintien du volume pulmonaire chez les nourrissons [33].
Une augmentation inhabituelle de l’AEdi tonique peut donc
refléter des efforts importants pour maintenir ce volume pul-
monaire ; devant ce signal, la pertinence d’une augmentation
du niveau de PEEP peut donc être considérée [33].

Tel que discuté plus haut, le déclenchement de l’aide ins-
piratoire peut se faire en trigger AEdi ou en trigger pneuma-
tique. Le trigger neural est réglé par défaut à 0,5 μV, et il est
rarement nécessaire de le modifier. Le trigger pneumatique et
le seuil de cyclage ne sont pas réglables en mode VNI. Une
ventilation d’apnée en pression contrôlée doit être prescrite.

Un paramètre essentiel en mode NAVA est l’alarme de
pression maximale, qui limite la pression maximale de sup-
port à 5 cmH2O sous ce niveau d’alarme. Ce paramètre est
crucial, car des surpressions importantes pourraient survenir
chez les patients dont l’AEdi est très élevée.

Surveillance

La VNI-NAVA nécessite une surveillance rapprochée simi-
laire aux autres modes de VNI. Une particularité de ce mode
est la surveillance régulière de la position adéquate du cathé-
ter à l’aide de l’écran de positionnement et à l’aide des repè-
res inscrits sur le cathéter.

En plus de permettre la synchronisation, l’AEdi est un
bon indicateur de l’évolution de la demande et donc proba-
blement du travail respiratoire du patient. Il est donc impor-
tant de suivre l’évolution de ce paramètre. Un niveau d’AEdi
faible (<3 μV) peut indiquer une assistance trop importante
du ventilateur, une sédation significative ou une atteinte cen-
trale de la commande respiratoire. Au contraire, une AEdi
élevée suggère le plus souvent un travail respiratoire impor-
tant du patient, ou parfois une inefficacité du couplage neu-
romusculaire qui entraîne une élévation de la commande
centrale (ex : pathologie neuromusculaire) [44]. Les valeurs
normales de l’AEdi ne sont pas connues, mais l’évolution de
l’AEdi dans le temps est un nouvel outil particulièrement
utile pour le suivi d’un même patient.

Situations particulières et indications préférentielles

La VNI-NAVA présente un intérêt clinique potentiel impor-
tant chez les patients pour lesquels une bonne synchronisa-
tion est essentielle. La Figure 3 présente un algorithme qui
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schématise notre pratique concernant le choix du mode de
VNI en réanimation pédiatrique. À ce jour, aucune étude n’a
été effectuée pour évaluer les indications préférentielles de
ce mode. Cette population peut être identifiée selon l’expé-
rience clinique et certaines études sur les facteurs de risque
d’échec de la VNI. La VNI-NAVA implique des coûts sup-
plémentaires liés au cathéter nasogastrique, il faut donc
choisir avec soins les patients éligibles. Par exemple, dans
la bronchiolite, le succès élevé de la VNI conventionnelle ne
justifie pas l’implémentation de ce support en première
intention. En revanche, les patients présentant un travail res-
piratoire important et/ou une hypoxémie associée (détresse
respiratoire sévère, syndrome de détresse respiratoire aiguë,
mucoviscidose) ont un taux important d’échec à la VNI
[15] ; il importe donc de fournir dans ces conditions précises
le meilleur support possible et l’amélioration de la synchro-
nisation grâce au mode NAVA pourrait avoir un impact

clinique significatif dans cette population sélectionnée.
Chez les patients avec obstruction des voies aériennes sup-
érieures (trachéomalacie, bronchomalacie), la mauvaise syn-
chronisation patient-ventilateur a un impact négatif sur le
travail respiratoire et pourrait particulièrement bénéficier
du mode NAVA. Les patients avec paralysie unilatérale du
diaphragme, dysplasie bronchopulmonaire, cardiopathies,
maladies neuromusculaires, tolèrent également mal la mau-
vaise synchronisation et pourraient eux aussi bénéficier de
l’amélioration de la synchronisation en mode NAVA. Toute-
fois, la supériorité clinique de la VNI-NAVA dans ces indi-
cations reste à confirmer.

Problèmes potentiels

Certains problèmes spécifiques à la VNI-NAVA sont à
connaître et à identifier. Les fuites excessives ne causent

Fig. 3 Algorithme décrivant notre pratique pour le choix du mode de ventilation non invasive en réanimation pédiatrique. Cet algo-

rithme est indicatif et reflète les situations les plus fréquentes, mais d’autres choix sont régulièrement faits en fonction des conditions par-

ticulières. VNI : ventilation non invasive ; CPAP : Continuous Positive Airway Pressure ; NAVA : Neurally Adjusted Ventilatory Assist
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pas d’anomalies du déclenchement en NAVA, mais peuvent
déclencher une aide inspiratoire en trigger pneumatique.
Tout comme en VNI conventionnelle, les fuites altèrent la
transmission efficace de l’aide inspiratoire aux voies aérien-
nes basses. La présence d’apnées centrales expose au risque
d’hypoventilation, comme en aide inspiratoire. Une perte de
signal AEdi peut survenir secondairement à un déplacement
du cathéter, une sédation importante, ou une sur-assistance
par le ventilateur; un relais en VNI conventionnel intervient,
mais il peut être moins bien toléré. Il convient de bien régler
les modalités de passage en VNI AI et de bien régler le
niveau d’AI souhaité en cas de perte de signal AEdi.

Enfin, comme dans toute situation de VNI, il faut savoir
reconnaître rapidement le patient qui nécessite une intuba-
tion. L’amélioration de la qualité du support non invasif avec
le mode NAVA peut permettre d’éviter certains échecs de la
VNI, mais il est important de réaliser qu’en l’absence d’amé-
lioration significative après les premières une à deux heures
de support, le taux d’échec de VNI est important et qu’une
intubation trop tardive peut être associée à une morbidité
plus élevée.

Conclusion

Les études actuelles sur la VNI en NAVA sont encore essen-
tiellement d’ordre physiologique et à court terme. Elles
démontrent la faisabilité de ce support et l’amélioration signi-
ficative des tous les types d’asynchronie patient-ventilateur
en VNI-NAVA, chez l’adulte comme chez l’enfant. Ces don-
nées sont encourageantes et supportent l’utilisation future de
la VNI-NAVA. Cependant, le bénéfice de cette synchronie
améliorée reste imprécis et les évidences actuelles ne permet-
tent pas de confirmer l’intérêt de la VNI-NAVA sur l’évolu-
tion clinique des patients. De prochaines études devraient
permettre l’évaluation clinique de la VNI-NAVA en termes
de confort, durée de ventilation, taux d’échec de la VNI, ainsi
que préciser les bonnes indications.

Conflit d’intérêt : L. Ducharme-Crevier, S. Essouri,
A. Larouche et G. Emeriaud déclarent ne pas avoir de
conflit d’intérêt.
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Take-home message: As compared to the
diaphragm electrical activity (EAdi)
observed in non-intubated conditions, EAdi
is lower during pediatric conventional
mechanical ventilation, with frequent
periods of blunted diaphragm activity. EAdi
monitoring facilitates the detection of these
events and could guide the adjustment of the
ventilatory support in order to minimize the
risk of diaphragm atrophy.
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O. Fléchelles
Pediatric and Neonatal Intensive Care Unit,
MFME Hospital, Fort de France,
Martinique 97261, France

J. Beck
Keenan Research Centre for Biomedical
Science and Li Ka Shing Knowledge
Institute, St. Michael’s Hospital, Toronto,
Ontario, Canada

J. Beck
Department of Pediatrics, University
of Toronto, Toronto, Ontario, Canada

Abstract Purpose: Diaphragm
function should be monitored in crit-
ically ill patients, as full ventilatory
support rapidly induces diaphragm
atrophy. Monitoring the electrical
activity of the diaphragm (EAdi) may
help assess the level of diaphragm
activity, but such monitoring results
are difficult to interpret because ref-
erence values are lacking. The aim of
this study was to describe EAdi val-
ues in critically ill children during a
stay in the pediatric intensive care
unit (PICU), from the acute to
recovery phases, and to assess the
impact of ventilatory support on
EAdi. Methods: This was a pro-
spective longitudinal observational
study of children requiring mechani-
cal ventilation for C24 h. EAdi was
recorded using a validated method in
the acute phase, before extubation,
after extubation, and before PICU
discharge. Results: Fifty-five criti-
cally ill children were enrolled in the
study. Median maximum inspiratory

EAdi (EAdimax) during mechanical
ventilation was 3.6 [interquartile
range (IQR) 1.2–7.6] lV in the acute
phase and 4.8 (IQR 2.0–10.7) lV in
the pre-extubation phase. Periods of
diaphragm inactivity (with no
detectable inspiratory EAdi) were
frequent during conventional ventila-
tion, even with a low level of support.
EAdimax in spontaneous ventilation
was 15.4 (IQR 7.4–20.7) lV shortly
after extubation and 12.6 (IQR
8.1–21.3) lV before PICU discharge.
The difference in EAdimax between
mechanical ventilation and post-
extubation periods was significant
(p\ 0.001). Patients intubated
mainly because of a lung pathology
exhibited higher EAdi (p\ 0.01),
with a similar temporal increase.
Conclusions: This is the first sys-
tematic description of EAdi evolution
in children during their stay in the
PICU. In our patient cohort, dia-
phragm activity was frequently low in
conventional ventilation, suggesting
that overassistance or oversedation is
common in clinical practice. EAdi
monitoring appears to be a helpful
tool to detect such situations.
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Introduction

Ventilatory support is one of the main reasons for
admission into the pediatric intensive care unit (PICU).
One-third of these patients need ventilation for[4 days,
leading to a prolonged stay in the PICU and high
healthcare costs [1]. Mechanical ventilation and critical
illness can rapidly induce severe diaphragmatic dysfunc-
tion and atrophy [2, 3]. This secondary respiratory muscle
dysfunction contributes to weaning prolongation and
should be monitored and prevented [4, 5]. Overassistance
should therefore be avoided—not only to limit ventilator
induced lung injury, but also to keep the diaphragm active
[6]. Insufficient support may also be detrimental as it may
lead to respiratory muscle fatigue [7] that can delay
recovery. Optimal ventilatory assistance should therefore
be reached, but little data are available in clinical practice
to guide the adjustment of the support. In addition, the
sedation can also influence the respiratory drive and
diaphragm activity [8].

The electrical activity of the diaphragm (EAdi) can
now be continuously monitored in critically ill adults
[9–11] and children [12–14]. The EAdi signal is used not
only to control the degree of assistance provided by the
neurally adjusted ventilatory assist (NAVA), a mode of
mechanical ventilation [15], but EAdi signal also provides
the clinician with a bedside evaluation of respiratory drive
and diaphragm activity [4, 8, 10, 16].

We hypothesized that episodes of insufficient or
excessive ventilatory assist could be detected by follow-
ing the evolution of diaphragm activity during a patient’s
stay in the PICU. As this technology has only recently
become available, reference EAdi levels in critically ill
children admitted to the PICU have not yet been deter-
mined. The objectives of this study were (1) to describe
the inspiratory EAdi levels in critically ill children during
a PICU stay, from the acute phase to the PICU discharge,
and (2) to assess the impact of ventilation on inspiratory
EAdi. Parts of the results were presented at the ATS
conference in 2012 [17].

Patients and methods

This prospective observational study was conducted in the
PICU of Sainte-Justine Hospital from August 2010 to
October 2012. The study was approved by the local Ethics
committee and registered on controlled-trials.com. Writ-
ten informed consent was obtained from the patients’
parents.

Consecutive children aged\18 years admitted to the
PICU and requiring invasive mechanical ventilation for
[24 h were eligible for entry into the study. The minimal
age required for inclusion was initially [30 days, and
subsequently amended to[7 days in December 2011 to

increase recruitment. Patients were included when evi-
dence of spontaneous breathing was present. Exclusion
criteria are detailed in the Electronic Supplementary
Material (ESM).

Study protocol

The EAdi signal was recorded at four time-points during
two phases of invasive ventilation and two phases of
ventilation without the endotracheal tube.

Acute phase A 30-min recording was obtained as soon as
the patient’s respiratory frequency was consistently
above the ventilator minimal rate set in absence of
autotriggering.
Pre-extubation EAdi was recorded for 15 min in the 4 h
preceding extubation.
Post-extubation EAdi was recorded for 15 min in the 2 h
following extubation.
PICU discharge a 15-min recording of EAdi was
conducted in the 2 h prior PICU discharge, or when
the removal of the EAdi catheter was planned because
respiratory status was normal.

The last three recordings were made only if the EAdi
catheter was still in place at these time-points.

EAdi signal acquisition and analysis

Details on EAdi recordings and analysis are provided in
the ESM. Briefly, EAdi was recorded using a specific
nasogastric tube (NAVA catheter; Maquet, Solna, Swe-
den) and a dedicated Servo I ventilator (v6.0; Maquet)
[16, 18], while the ventilation was continued without any
modification. For each recording, EAdi was analyzed by
two investigators to identify neural inspiratory and expi-
ratory times during a 5-min period.

Clinical data recorded

Clinical and laboratory data were prospectively recorded
at baseline and prior to each recording, as detailed in the
ESM.

Statistical methods

Inter-observer agreement for the EAdi analysis between
two investigators was assessed with intraclass correlation
coefficients (ICCs). Provided there was a good inter-
observer reproducibility (i.e., ICC[ 0.75 [19]), each
investigator’s data were averaged for subsequent
data analysis. Repeated-measures analysis of variance

1719



(ANOVA) was used to compare variables in the four
phases with Fisher’s least significant difference (LSD) or
Games-Howell post hoc tests for group differences, when
appropriate. Linear regression analyses were conducted to
evaluate the association between clinical data and peak
EAdi in the acute and the final phase, as detailed in ESM.
A two-tailed p value of\0.05 was considered to be sig-
nificant. Data are presented as the median with the
interquartile range (IQR).

Results

Characteristics of the population

During the study period, 406 patients admitted to the
PICU met eligibility criteria. As illustrated in ESM Fig. 1,
32 patients never reached inclusion criteria, and 314
patients had at least one exclusion criteria. Sixty patients
were included in the study, but no recordings could be
made before extubation in five of them for technical
reasons. The 55 remaining patients were included in the
analysis. The median age of the eligible patients who
were not included was 8 (IQR 1–48) months, similar to
that of the analyzed patients (p = 0.96).

Among the 55 analyzed patients, recordings were
available during the acute phase in 52 patients, 23 in the
pre-extubation period, 26 in the post-extubation period,
and 23 at PICU discharge. Patient characteristics are
presented in Table 1. No significant difference was
observed between the group characteristics.

Description of diaphragm electrical activity

A total of 25,912 breaths were analyzed, with a median of
192 (IQR 136–279) breaths per recordings. Inter-observer
agreement of EAdi data was excellent, with ICCs of 0.84,
0.92, 0.85, and 0.87 for neural inspiratory time, expiratory
time, inspiratory peak EAdi, and mean inspiratory EAdi,
respectively.

The EAdi characteristics for the four periods are
reported in Table 2 and Fig. 1. Compared to children
without a tracheal tube, in those with a tracheal tube the
inspiratory EAdi during the acute phase was significantly
lower (p\ 0.01, repeated-measures ANOVA), with sig-
nificant differences between the acute phase and the two
post-extubation periods, and between the pre- and post-
extubation periods. Low levels of EAdi (peak
EAdi\ 2 lV) were frequent in the mechanical ventila-
tion phase [33 % of patients during the acute phase, 25 %
of patients in pre-extubation period vs. 1 patient (4 %)
after extubation]. We also observed frequent ‘‘silences’’
(no detectable inspiratory effort based on EAdi signal)
during mechanical ventilation: for 15 (29 %) patients

there was no inspiratory EAdi signal on more than one-
third of the acute phase recordings (Table 2). The evo-
lution of EAdi in a representative patient is shown in
Fig. 2.

Inspiratory EAdi was higher in children intubated for a
respiratory disease when compared to other reasons
(Fig. 3; p\ 0.01). In the subgroup of patients for whom
four recordings were available, the evolution of inspira-
tory EAdi followed a similar pattern (ESM Fig. 4).

Relationship between clinical condition and EAdi

The magnitude of ventilatory support (as reflected by
driving pressure, i.e., the difference between end-inspi-
ratory and end-expiratory pressures) has no observable
influence on acute phase inspiratory EAdi (p = 0.6; ESM
Fig. 2), with some patients having low EAdi even with a
driving pressure of \10 cmH2O. There was also no
observable impact of ventilatory mode on EAdi (p = 0.6;
ESM Fig. 3). A non-significant trend for a lower EAdi
was observed in patients with lower COMFORT scores
(p = 0.09; ESM Fig. 2). No association was observed
between EAdi and the time since the last bolus, or
between EAdi and the dose of benzodiazepine or opioids
received in the 4 h (all R2\ 0.01; ESM Fig. 5). In the
univariate analysis as in the multivariate analysis, the
respiratory distress as a cause for intubation was the only
factor associated with EAdi in the acute phase (p\ 0.05).
Age, gender, and COMFORT scale were not indepen-
dently associated with EAdi (p = 0.13, 0.6, and 0.21,
respectively).

At PICU discharge, peak EAdi was higher in patients
with bronchiolitis (p\ 0.01) and seemed to be negatively
correlated with age (p\ 0.05). In the multivariate ana-
lysis, bronchiolitis diagnosis was the only variable
associated with EAdi (p\ 0.01), while age, PELOD
(Pediatric Logistic Organ Dysfunction) score, and respi-
ratory distress as a reason for intubation were not
independent factors of EAdi (p = 0.21, 0.34, and 0.47,
respectively).

Extubation event

Inspiratory EAdi increased significantly from the pre- to
post-extubation period (Table 2). In the 18 patients for
whom both recordings were available, inspiratory EAdi
increased by 116 % (IQR 25–218 %) from the pre-extu-
bation level to the post-extubation period. A single patient
exhibited a decrease in EAdi (by 11 %). Six patients
(12 %) failed the first extubation attempt and had to be re-
intubated. Pre-extubation peak EAdi was available in only
three of these patients and was 1, 12, and 43 lV,
respectively.
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Table 1 Patient characteristics

Patient characteristicsa Acute phase
recording (n = 52)

Pre-extubation
recording (n = 23)

Post-extubation
recording (n = 26)

PICU discharge
recording (n = 23)

Baseline characteristics
Age (months) 9 (1–35) 4 (2–63) 3 (1–56) 8 (2–49)
Weight (kg) 7 (4–17) 6 (4–20) 5 (4–18) 6 (4–17)
Male, n (%) 31 (60) 16 (70) 17 (65) 14 (61)
Chronic condition, n (%)b

Respiratory disease 8 (15) 3 (13) 3 (12) 5 (22)
Cardiac disease 10 (19) 4 (17) 5 (19) 4 (17)
Central neurologic disease 11 (21) 4 (17) 3 (12) 3 (13)
Immuno-oncologic disease 3 (6) 1 (4) 1 (4) 0 (0)

Reasons for PICU admission, n (%)b

Respiratory failure 32 (62) 14 (61) 18 (69) 17 (74)
Bronchiolitis 11 (21) 5 (22) 8 (31) 5 (22)
Hemodynamic failure 9 (17) 4 (17) 5 (19) 3 (13)
Neurological disorder 17 (33) 10 (43) 9 (35) 6 (26)
Metabolic disorder 4 (8) 2 (9) 2 (8) 1 (4)
Trauma 2 (4) 2 (9) 1 (4) 1 (4)
Post-surgery 5 (10) 2 (9) 1 (4) 2 (9)

PIM2 score at admission 2 (1–4) 4 (1–6) 3 (1–5) 1 (1–4)
PELOD score at admission 2 (1–11) 2 (1–11) 11 (1–11) 2 (1–11)
Time between PICU admission and inclusion (days) 4 (1–9) 3 (1–9) 2 (1–8) 2 (1–8)
Time between intubation and the recording (days) 3 (1–7) 4 (3–9) 4 (3–8) 5 (4–11)

Ventilatory settings during recordings
Ventilatory modes 18 ACV-P 2 ACV-P 1 NIV-BIPAP 9 Nasal O2

18 SIMV 4 SIMV 2 CPAP 14 Room air
5 PRVC 17 PSV 16 Nasal O2

11 PSV 7 Room air
Set respiratory rate (min-1) 25 (20–34) 13 (9–16) – –
Tidal volume (ml kg-1)c 6.7 (5.5–7.4) 6.3 (6.1–7.2) – –
Plateau pressure (cmH2O)

d 22 (19–23) 13 (13–15) – –
Pressure support (cmH2O)

e 10 (8–12) 8 (7–10) – –
PEEP (cmH2O) 5 (5–6) 5 (5–5) 6 (5–7) –
FiO2 (%) 35 (30–41) 25 (25–30) 40 (28–60) –

Last laboratory results before the recording
pH (arterial or capillary) 7.40 (7.35–7.42) 7.40 (7.37–7.42) 7.39 (7.36–7.43) 7.41 (7.38–7.43)
PaCO2 (arterial or capillary) (mmHg) 46 (42–53) 43 (39–48) 45 (39–49) 42 (37–48)
Hemoglobin (g dl-1) 9.6 (7.6–10.7) 9.9 (8.3–10.8) 10.3 (8.3–11.3) 9.9 (8.3–11.2)
Lactate (mmol l-1) 1.4 (0.8–1.9) 1.3 (1.1–1.8) 1.3 (1.1–1.8) 1.2 (0.9–1.6)

Analgesics and sedation data (total amount received in the 4 h preceding the recording)
Midazolam, n (%), mg kg-1 in 4 h n = 7 (13) n = 3 (13) n = 3 (12) n = 1 (4)

0.26 (0.14–0.40) 0.34 (0.20–0.59) 0.37 (0.20–0.59) 0.1
Lorazepam, n (%), mg kg-1 in 4 h n = 14 (27) n = 1 (4) n = 2 (8) n = 4 (17)

0.11 (0.06–0.17) 0.1 0.05 (0.05–0.05) 0.06 (0.04–0.08)
Morphine, n (%), mg kg-1 in 4 h n = 26 (50) n = 2 (9) n = 4 (15) n = 5 (22)

0.1 (0.1–0.3) 0.1 (0.1–0.1) 0.1 (0.0–0.1) 0.1 (0.1–0.3)
Fentanyl, n (%), mcg kg-1 in 4 h n = 46 (92) n = 13 (57) n = 6 (23) n = 2 (9)

2.0 (1.0–3.0) 1.8 (0.9–2.3) 1.0 (0.9–1.0) 1.1 (1.1–1.2)
Comfort-B scale 13 (10–15) 15 (12–17) – –
Outcome data
Ventilation support duration (h) 146 (83–286) 105 (72–234) 102 (73–182) 100 (68–232)
PICU length of stay (days) 5 (3–8) 5 (2–8) 4 (2–7) 4 (3–8)

Data are presented as the median with the interquartile range
(IQR)), unless specified otherwise
PICU Pediatric intensive care unit, PIM2 score Pediatric Index of
Mortality score, PELOD score Pediatric Logistic Organ Dysfunc-
tion score, PEEP positive end expiratory pressure, FIO2 fraction of
inspired oxygen, PaCO2 partial pressure of carbon dioxide in the
blood, ACV-P Pressure assist control ventilation, SIMV synchro-
nized intermittent volume control ventilation, PRVC pressure-
regulated volume controlled ventilation, PSV pressure support

ventilation, NIV-BIPAP non-invasive ventilation-bilevel positive
airway pressure, CPAP continuous positive airway pressure
a Fifty-five patients were included in the study but for some
patients the four planned recordings were not available
b Some patients may have several conditions
c Data for patients ventilated in volume-controlled mode
d Data for patients ventilated in pressure-controlled mode
e Data for patients ventilated in pressure support ventilation or in
SIMV ? PSV mode
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Discussion

We describe the evolution of EAdi in critically ill children
from the acute phase to PICU discharge. EAdi was fre-
quently blunted during the mechanical ventilation phase
when compared to the spontaneous breathing phase.
Extubation was followed by an EAdi increase, suggesting
a work of breathing augmentation.

Diaphragm electrical activity in spontaneously
breathing children

Tools for EAdi monitoring are now available in clinical
practice and may benefit the patient by facilitating the
diagnosis of patient–ventilator asynchrony [9, 13, 18, 20,
21], central hypoventilation and apneas [22, 23], the
titration of ventilatory support [16, 24, 25], evolution of
diaphragm injury [16, 26, 27], and assessment of neuro-
ventilatory efficiency during weaning [28–30]. However,
EAdi reference values are lacking, making it difficult to
interpret a recorded EAdi value. EAdi values can theo-
retically be interpreted in relation to the maximal EAdi
obtained during a voluntary maximal effort [10] or during
a standardized trial with minimal support [25]. However,
voluntary maximal inspiration can not reliably be
obtained in critical conditions, and the definition of
minimal support is not clear in the PICU.

The EAdi values we recorded in our pediatric patients
prior to PICU discharge provide a landmark by which to
interpret EAdi values, even if an interpretation of the data in
relation to the patient’s own EAdi evolution makes more
sense than a comparison to a different group. These patients
were recovering from a critical illness and although their
EAdi may differ from that of healthy children, their con-
dition was stable and they were ready to be transferred to
the ward. Therefore, the EAdi observed at this stage is
likely representative of children in whom the effort of
breathing is not strikingly elevated. Similar reference data
have not been reported in adult patients. In 17 non-intubated
preterm infants, Stein et al. [31] reported a peak EAdi of
11 ± 4 mcV, with no significant relation to gestational age.
Those EAdi values are relatively close to our observed
values. We also did not observe a relationship between age
and EAdi, but the majority of patients were infants.

Table 2 Electrical activity of diaphragm characteristics for each recording period

Electrical activity of
diaphragm characteristics

Acute phase
recording (n = 52)

Pre-extubation
recording (n = 23)

Post-extubation
recording (n = 26)

PICU discharge
recording (n = 23)

p valuea

Neural inspiratory time (s) 0.54 (0.40–0.65) 0.46 (0.37–0.58) 0.57 (0.50–0.73) 0.61 (0.48–0.96) \0.01b

Neural expiratory time (s) 1.02 (0.80–1.61) 0.94 (0.57–1.30) 0.53 (0.40–0.80) 0.69 (0.36–1.14) \0.01c

Neural breathing frequency (min-1) 37 (29–44) 39 (32–61) 49 (38–62) 38 (29–70) \0.01d

Peak inspiratory activity (lV) 3.6 (1.2–7.6) 4.8 (2.0–10.7) 15.4 (7.4–20.7) 12.6 (8.1–21.3) \0.001c,e

Mean inspiratory activity (lV) 2.7 (1.0–5.9) 3.9 (1.5–7.4) 10.5 (5.1–14.5) 8.3 (4.1–14.2) \0.001c,e

End expiratory activity (lV) 1.0 (0.5–2.7) 1.8 (1.0–2.9) 3.9 (2.4–5.1) 3.7 (2.5–6.0) \0.01c

Proportion of period with no detectable
inspiratory EAdi (%)

18 (7–42) 18 (9–25) 5 (1–12) 3 (1–5) \0.01b,c

Data are presented as the median with the IQR, unless specified
otherwise
EAdi Electrical activity of diaphragm
a Repeated-measures ANOVA. Post-hoc significant differences
at p\ 0.05
b Significant difference between pre-extubation and final recordings

c Significant difference between acute phase and both post-extu-
bation and final recordings
d Significant difference between acute phase and post-extubation
period
e Significant difference between pre and post extubation

Fig. 1 Evolution of peak inspiratory electrical activity of the
diaphragm (EAdi) during the stay in the pediatric intensive care unit
(PICU). Diaphragm activity was significantly lower during the
acute phase than in the post-extubation and final recordings, and
lower during the pre-extubation phase than during the post-
extubation period (p\ 0.01, repeated-measures ANOVA;
p\ 0.05, post hoc comparisons). Shaded box Interquartile range
(IQR; 25th–75th percentile), thick horizontal bar median, vertical
interval (whiskers) interval with 95 % of data, circles data outside
the limits of the vertical bars
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Those patients who had been intubated mainly due to a
respiratory disease had higher EAdi, but this difference
tended to be smaller prior PICU discharge, reflecting the
improvement in ventilation status. Importantly, patients
with neuromuscular disorder were not included, and the
results should not be extrapolated to these conditions.
Myopathy-affected patients likely have a different pat-
tern, usually with a high EAdi to compensate for the low
muscle efficiency during the earlier stage of the disease,

and later with a low EAdi when muscular degeneration is
advanced [27, 32]. Patients with central hypoventilation
have a low EAdi [27].

Diaphragm electrical activity in mechanically
ventilated children

We observed that the EAdi was markedly lower during
ventilation than in extubated children. This is not a sur-
prising result as the aim of mechanical ventilation is to
decrease the effort involved in the work of breathing.
However, an unexpected finding was the high prevalence
of severely blunted diaphragm activity. Such events have
been reported by Alander et al. [33] in 15 children. In this
study, EAdi was absent in 8 ± 10 % and 12 ± 18 % of
the time during pressure-triggered and flow-triggered
ventilation, respectively, as compared to 1 ± 3 % during
NAVA ventilation. Our results confirm that periods of
low EAdi are frequent and prolonged during conventional
ventilation. Several reasons can explain this inactivity of
the diaphragm.

First, the timing of the recordings may be important.
Periods during which neuromuscular blockade or deep
sedation was used were not eligible for assessment in our
study, and evident spontaneous breaths were needed as
inclusion criteria. The first recording was obtained a

Fig. 2 Evolution of EAdi (blue lines) and airway pressure wave-
forms (red lines) in a representative critically ill child in the acute
phase [a, with pressure-support ventilation (PSV) of 7 cmH2O/
PEEP (positive end expiratory pressure) of 5 cmH2O), in the pre-

extubation period (b, with PSV of 7 cmH2O/PEEP of 5 cmH2O), in
the post-extubation period (c, with spontaneous breathing), and
before discharge from the PICU (d, with spontaneous breathing)

Fig. 3 Evolution of peak inspiratory EAdi in critically ill children
intubated mainly for a respiratory cause (dark-blue bars) or another
cause (light-blue bars). Both the time effect and between-group
difference were significant (p\ 0.01). Bars median value, whiskers
IQR
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median of 3 (IQR 1–7) days after intubation. EAdi in the
pre-extubation period was only slightly higher than in the
acute phase, and periods without activity were not shorter
in the latter, suggesting that low diaphragm activity is not
a temporary event, but is frequent during conventional
ventilation.

Second, the sedative treatment can certainly impact
diaphragm activity. Deeply sedated patients were exclu-
ded from the assessment, but most patients received some
kind of sedation, with a rather low comfort scale. How-
ever, this level of sedation is usually observed in our
PICU. No major improvement of EAdi was observed
between the acute phase and pre-extubation period when
sedation was decreased, and low levels of diaphragm
activity were also observed in patients with a higher
COMFORT-B score. Vaschetto et al. [8] showed that in
mechanically ventilated adults sedation can reduce the
ventilatory drive. These authors found that the reduction
was more important during ventilation with fixed pressure
support, while during neurally adjusted ventilation the
ventilatory drive was less affected, suggesting a syner-
gistic impact of sedation when associated with
overassistance.

Third, respiratory activity is influenced by the
magnitude of assistance [24, 34]. This is well illustrated
by the striking increase of EAdi between pre- and post-
extubation. Excessive ventilatory support likely explains
part of our results. Based on clinical observation, blood
gases, and ventilator settings, excessive assistance was
not suspected prior to the study, but only evidenced by
the observation of low EAdi. The absence of a clear
relationship between the level of support and EAdi
observed between subjects can be explained by differ-
ences in patient conditions. A given level of assistance
has a different impact on ventilatory drive depending on
the respiratory compliance and CO2 drive. As illustrated
in Fig. 2, EAdi can be markedly decreased with little
support providing the lungs are healthy. The potential of
overassistance to decrease ventilatory drive has also
been described in adults [8, 24]. In addition, the level of
support varies with patient effort and is dependent on
the ventilatory mode [35]. In the absence of esophageal
pressure monitoring, the support quantification is lim-
ited. Our results should therefore be seen as an average
result of common ventilation practices, but the assess-
ment of the precise association between EAdi and
ventilatory support deserves further studies in experi-
mental and controlled design. The ventilatory mode and
the synchrony could also influence EAdi. Indeed, the
reduction in trigger delay with NAVA has been shown
to decrease the effort associated with the work of
breathing [35, 36]. No patient in this study was recor-
ded in NAVA ventilation, and no difference of EAdi
pattern was observed depending on the ventilatory
mode.

Fourthly, endotracheal tube is sometimes perceived as
an important additional resistance, which would require
an increased work of breathing (or assist) to overcome.
However, several studies have shown that the work of
breathing decreases with intubation [37, 38] and that the
need of support to compensate for a tracheal tube is likely
to be minimal [39]. It seems unlikely however that tra-
cheal intubation alone can explain the low ventilatory
drive.

Lastly, patient disease could also result in low EAdi.
Perturbations in the neuromuscular function or the ven-
tilatory respiratory center can impact EAdi [22, 23, 26,
40, 41], but no such patients were included in our study.
Respiratory depression following viral infection is clas-
sical, and we observed some apneas in that context, but
most patients with viral pneumonia or bronchiolitis
showed a rather high level of EAdi.

All of the factors mentioned above (timing, disease,
level and type of support and sedation, intubation) may
have contributed to our results, but it is important to note
that in this representative cohort of PICU patients, periods
with low EAdi were frequent and not recognized. Full
mechanical support is associated with diaphragm atrophy
in adults [2, 3]. This may be similar in neonates [42], but
pediatric data are lacking. The high prevalence of dia-
phragm inactivity could generate a similar disorder in
children. The use of EAdi targets to titrate the respiratory
support has been proposed in adults [25] and children
[43]. While our results support the pertinence of imple-
menting such a strategy and also provide additional
information for the choice of EAdi target, the benefit of
the titration method needs further validation.

Change in diaphragmatic activity after extubation

The EAdi markedly increased after extubation. The pre-
extubation ventilatory settings were not standardized but
can be considered to be relatively minimal (median driv-
ing pressure of 8 cmH2O). This suggests that such support
is sufficient to blunt the ventilatory drive. In contrasting to
common belief, such settings in pre-extubation do not
accurately reflect the post-extubation efforts, supporting
the expert-based recommendation that extubation readi-
ness should be tested without inspiratory support [39].

As diaphragm function is crucial for successful
weaning, diaphragm neuro-ventilatory efficiency, as
reflected by the ratio of tidal volume to EAdi, may be a
marker of interest for the evaluation of extubation readi-
ness. The authors of a pediatric study reported
contradictory results [44], but the results were difficult to
interpret: the patients were assisted with various levels of
support levels, the ventilator contribution being difficult
to predict. In adults with no support, NVE seems to be a
good predictor of extubation success [28, 29].
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Study limitations

There are a number of limitations to our study. The
recruitment process was complex, and many patients
could not be included. However, the patient characteris-
tics accurately reflect our usual PICU population. The
small sample size did not enable our results to be stratified
according to patient age. The medical conditions of the
patients varied considerably; however, our results should
not be generalized to conditions not studied, especially
neuromuscular diseases. The study was conducted in a
single center. We did not measure the work of breathing
and transpulmonary pressure, which limited our ability to
assess the ventilatory assist. Plateau pressures were
measured without an inspiratory pause, which could have
resulted in an overestimation. Future research on the
correlation between the work of breathing and EAdi needs
to be conducted.

Conclusions

We describe EAdi levels in a cohort of critically ill
children admitted to the PICU, with frequent periods of
blunted diaphragm activity. We recommend that greater
attention be paid to excessive assistance during conven-
tional ventilation. EAdi monitoring facilitates the
detection of these events and could help in adjusting the
support given to such patients and minimizing the risk of
diaphragm atrophy.
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