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Abstract Purpose: To determine
the feasibility of daily titration of the
neurally adjusted ventilatory assist
(NAVA) level in relation to the
maximal diaphragmatic electrical
activity (EAdimaxSBT) measured dur-
ing a spontaneous breathing trial
(SBT) during pressure support venti-
lation (PSV). Methods: The study
included 15 consecutive patients in
whom mechanical ventilation wean-
ing was initiated with the NAVA
mode. EAdimaxSBT was determined
daily during an SBT using PSV with
7 cmH2O of inspiratory pressure and
no positive end-expiratory pressure
(PEEP). If the SBT was unsuccessful,
NAVA was used and the level was
then adjusted to obtain an EAdi of
*60% of the EAdimaxSBT. Arterial
blood gas analyses were performed
20 min after each change in NAVA
level. Results: Three patients were
dropped from the study at day 4
because of worsening of their sick-
ness. The median duration of NAVA
ventilation was 4.5 days (IQR 3–6.5).

From day 1 to extubation, EAdimax-

SBT and EAdi increased significantly
from 16.6 (9.6) to 21.7 (10.3) lV
(P = 0.013) and from 10.0 (5.5) to
15.1 (9.2) lV (P = 0.026), respec-
tively. The pressure delivered
significantly decreased from 20 (8) to
10 (5) cmH2O (P = 0.003). Con-
versely, tidal volume, carbon dioxide
tension, and pH values remained
unchanged during the same period.
Conclusion: These results suggest
that daily titration of NAVA level
with an electrical goal of *60%
EAdimaxSBT is feasible and well tol-
erated. The respiratory mechanics
improvement and increase in respira-
tory drive allowed for a daily
reduction of the NAVA level while
preserving breathing, oxygenation,
and alveolar ventilation until
extubation.

Keywords Mechanical ventilation �
Weaning � Respiratory monitoring

Introduction

The start of the weaning process from mechanical venti-
lation requires the resumption of neuromuscular activity
to stimulate the respiratory system to meet metabolic
demands and maintain carbon dioxide homeostasis. Cur-
rently, the established mode used in the weaning of
patients from mechanical ventilation is pressure support
ventilation (PSV) [1]. During this ventilatory mode, the

level of pressure is fixed and adapted to achieve a tidal
volume (VT) between 6 and 8 ml/kg [2]. The process of
weaning a patient from mechanical ventilation using PSV
usually includes a daily spontaneous breathing trial
(SBT), which reduces the duration of mechanical ventilation
in diverse populations of patients after acute respiratory
failure [2–4].

Neurally adjusted ventilatory assist (NAVA) is venti-
latory mode which provides pressure in proportion to the

Intensive Care Med (2011) 37:1087–1094
DOI 10.1007/s00134-011-2209-1 ORIGINAL



electrical activity of the diaphragm. Ventilator support is
initiated with the detection of the diaphragmatic neural
drive while the pressure assistance is automatically
delivered in proportion to the EAdi intensity [5, 6].
Support is then cycled off with the termination of the
respiratory output by the respiratory centers [7, 8]. With
NAVA, the amount of pressure applied by the ventilator
to the airway opening throughout inspiration is deter-
mined by the processed EAdi, expressed in lV, multiplied
by a user-controlled gain factor (‘‘NAVA level’’), whose
unit is cmH2O/lV. Recent studies have demonstrated that
NAVA has beneficial effects compared with standard
PSV, as it can improve patient–ventilator synchrony in
intubated spontaneously breathing intensive care patients
[9] and oxygenation in postoperative patients [10]; but no
one knows how to adjust the NAVA level.

With PSV the patient may produce a small and brief
effort to breathe, just sufficient to trigger the ventilator
and then relax, causing the patient to be passively venti-
lated for a large majority of the inspiratory phase and not
in control of their breathing pattern. With NAVA,
increasing the NAVA level from zero to a high level in
healthy subjects can also partially unload respiratory
muscle [7]. In a recent clinical study, Coisel et al. [10]
proposed the initial NAVA level setting based on the
inspiratory pressure level which was required to obtain a
volumetric goal of VT between 6 and 8 ml/kg of ideal
body weight; however, this approach can be difficult as
they described an important variability of VT under
NAVA in comparison to PSV. Another way to adapt the
NAVA level for each patient has been studied. Brander
et al. [11] tested a titration of the NAVA level based on
both esophageal pressure time product (PTP) and EAdi. It
has been also proposed to use EAdi for adapting PSV with
closed-loop control of respiratory drive [12]. These find-
ings suggest that the NAVA level could be adjusted to
target an EAdi relative to the highest value obtained
during a standardized intervention. Daily SBT with PSV
7/0 [pressure support of 7 cmH2O and no positive end-
expiratory pressure (PEEP)] is a reproducible effort where
EAdi can easily be measured. A mean respiratory effort
*60% of the value developed during the inspiratory
effort could be adapted to prevent respiratory muscle
fatigue or limit the incidence of over-assistance [13, 14].
Patients in whom PSV 7/0 can be maintained for two
consecutive hours are usually extubated [1]. In patients
who did not succeed in SBT, we tested the hypothesis that
the NAVA level could be adapted for each patient
according to their individual highest EAdi during the daily
SBT (EAdimaxSBT). We proposed a protocol in which the
NAVA level was titrated daily to obtain an EAdi of
*60% of the EAdimaxSBT value. The primary goal of this
study was to evaluate the feasibility of the proposed
protocol as evidenced by stable respiratory parameters,
arterial blood gases, and cardiopulmonary function
20 min after each modification of the NAVA level.

Methods

This observational study was approved by the institutional
review board (Comité de Protection des Personnes
Sud-Ouest et Outre Mer III) of the Centre Hospitalier
Universitaire (CHU) Bordeaux and was conducted in
the Department of Anesthesia and Critical Care between
November 2009 and June 2010. Informed consent was
obtained. Patients mechanically ventilated for more than
4 days who were going to be weaned from mechanical
ventilation were included in the study. Patients were
ventilated with a SERVO-i ventilator in the NAVA mode
(maquet Criticial Care, Solna, Sweden). A heated
humidifier was used for gas conditioning. As previously
described, EAdi was obtained through a nasogastric tube
with a multiple array of electrodes placed at its distal end
(EAdi catheter, Maquet Critical Care, Solna, Sweden) [6,
15]. Correct positioning of the EAdi catheter was ensured
by means of a specific function of the ventilator (‘‘EAdi
catheter positioning’’) [16]. Patients were initially swit-
ched from volume cycled ventilation (VCV) to PSV for
1 h (Fig. 1). The fixed level of pressure support was
adapted to obtain a VT of 7 ml/kg of ideal body weight.
The EAdi was recorded. After 1 h, an SBT was performed
by using PSV with 7 cmH2O of pressure without PEEP.
SBT failure was defined as the development of hypox-
emia (SpO2 \ 88% for C5 min), abrupt changes in
mental status, an acute cardiac arrhythmia, or two or more
signs of respiratory distress, including tachycardia
([130 bpm), bradycardia (\50 bpm), use of accessory
muscles, abdominal paradox, diaphoresis, or marked
dyspnea. Patients who failed the SBT were reventilated
immediately using the settings employed prior to the trial.
If SBT was well tolerated PSV was continued for at least
2 h and extubation was discussed, otherwise the NAVA
mode was used. In this case, the NAVA level was titrated
to obtain EAdi values of *60% of the highest EAdi
measured during SBT (EAdimaxSBT). As shown in Fig. 2,
EAdimaxSBT was measured during an SBT. If the EAdi
was inferior to 60% of the EAdimaxSBT, the NAVA level
was decreased. If EAdi was superior to 60% of the
EAdimaxSBT, the NAVA level was increased. NAVA level
modification was done only once a day after the SBT. An
analysis of arterial blood gases was performed 20 min
after each modification of the NAVA level, but also later

Fig. 1 Chronology of the weaning process, with initial volume-
controlled ventilation (VCV) followed by 1 h of PSV the first day,
then an SBT was tried every day and was followed by extubation if
successful or by NAVA if unsuccessful
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in case a modification of respiratory setting was neces-
sary. If the modification of NAVA level was not well
tolerated because of hypoxemia or a decrease of pH with
an increase of PaCO2 the previous NAVA level was
restored. All ventilatory and hemodynamic data were
recorded during the analysis of arterial blood gases. The
highest EAdimaxSBT noticed was confirmed on the trends
of the SERVO-i ventilator (Fig. 3).

Statistical analysis

Data are expressed as mean (SD) and median [inter-
quartile range (IQR)] for non-Gaussian variables (e.g.,
duration of controlled ventilation and of ventilatory
weaning by NAVA). The normal distribution of contin-
uous variable was assessed by using skewness and
kurtosis statistical tests. Comparison of several means
used one-way analysis of variance for repeated mea-
surements. Post hoc test analysis was performed using the
Newman–Keuls test. The comparison of two means was
performed by using the paired Student t test. All P values

were two-tailed and a P value less than 0.05 was required
to reject the null hypothesis. Statistical analysis was
performed with NCSS (Statistical Solutions Ltd., Cork,
Ireland).

Results

Fifteen patients were enrolled in the study. Baseline
characteristics are summarized in Table 1. Three
patients were dropped from the study at day 3 because
of worsening of their sickness. After the initial venti-
lation using PSV for 1 h, EAdi values were 35 (15)% of
EAdimaxSTB. The NAVA level at initiation was 2.6
(1.6). The switch from PSV to the NAVA mode at day
1 was associated with an increase in EAdi and venti-
lator respiratory frequency (RF) (Table 2). Conversely,
systolic arterial pressure remained unchanged. During
the first 3 days of NAVA ventilation, the NAVA level
could be significantly decreased (Table 3). Between day
1 of the NAVA mode and just prior to extubation

Fig. 2 Respiratory cycles with
pressure, flow, volume and
EAdi time curves during PSV
16/5 (inspiratory pressure
16 cmH2O, PEEP 5 cmH2O),
SBT with PSV 7/0 (inspiratory
pressure 7 cmH2O, no PEEP),
and NAVA 3.5/5 (NAVA level
3.5 cmH2O/lvolts, PEEP
5 cmH2O)
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(Table 4), EAdimax and EAdi increased significantly
from 16.6 (9.6) to 21.7 (10.3) lV (P = 0.012) and
from 10.0 (5.5) to 15.1 (9.2) lV (P = 0.026), respec-
tively. The level of inspiratory pressure over PEEP
significantly decreased from 20 (8) to 10 (5) cmH2O
(P = 0.003). Conversely, tidal volume, carbon dioxide
tension, and pH values remained unchanged during the
same period. No patients succeeded in an SBT of 2 h at
days 1 and 2, but 5 patients succeeded at day 3 and
were successfully extubated. Three patients were still
intubated at 1 week. The median duration of volume-
controlled ventilation before NAVA and of weaning by
NAVA ventilatory mode was 10 days (IQR 9–27) and
4.5 (IQR 3–6.5), respectively. One patient was re-
intubated within 4 days following extubation because of
pulmonary edema.

Discussion

The major finding of this study is the feasibility of
the daily evaluation of EAdimax with an SBT and the
adjustment of the NAVA level. Each modification of the
NAVA level, according to the proposed protocol, satisfied
the respiratory demand of patients as evidenced by stable
respiratory parameters, arterial blood gases, and cardio-
pulmonary function.

The present work proposed a way for setting the
NAVA level according to an electrical goal (EAdimaxSBT)
rather than to a volumetric goal (expired VT). This pro-
tocol demonstrates that the most clinically relevant
interpretation of EAdi is its daily variation during an

Fig. 3 Trends in two different patients as illustrated on the
SERVO-i screen over 1 h. Each column represents the mean value
over 1 min. For the first patient we can see EAdi variations before,
during, and after an SBT. EAdimaxSBT was 38 lV after an SBT of
8 min and allowed reduction of the NAVA level from 1.5 to
1 cmH2O/lvolts in order to have EAdi values after the SBT around

23 lV (60% of EAdimaxSBT). Arterial blood gases, before and
15 min after NAVA level modification, were unchanged (PaO2 92
vs. 90 mmHg and PaCO2 41.2 vs. 39 mmHg, respectively). The
second patient did not tolerate the SBT and EAdimaxSBT increased
immediately to 15 lV

Table 1 Characteristics of included patients (n = 15)

Variables Values

Age 57 (21)
Sex M/F 8/7
Height (cm) 165 (8)
SAPS 2 47 (17)
ARDS H1N1 ECMO (n) 4
ARDS acute pancreatitis (n) 2
ARDS peritonitis 1
Traumatic pulmonary contusion (n) 2
COPD (n) 2
Cystic fibrosis (n) 1
Double lung transplantation 3

Data are expressed as mean (SD)
ARDS acute respiratory distress syndrome, H1N1 swine flu pneu-
moniae, ECMO extracorporeal membrane oxygenation, COPD
chronic obstructive pulmonary disease

Table 2 Ventilatory parameters during the switch from pressure
support ventilation (PSV) to NAVA at the beginning of the
weaning process (n = 15)

PSV day 1 NAVA day 1 P value

EAdi maxSBT (lV) 15.5 (9.7) 15.5 (9.7) 0.99
EAdi (lV) 5.5 (5.1) 9.5 (5.4) 0.0009
Pimax-PEEP (cmH2O) 22 (9) 20 (8) 0.199
VT (ml) 400 (50) 396 (63) 0.710
VT (ml/kg of IBW) 6.8 (1.3) 6.7 (1.3) 0.720
RF (cycles/min) 26 (7) 29 (7) 0.046
pH 7.44 (0.05) 7.45 (0.07) 0.400
PaCO2 (mmHg) 40.5 (5.2) 39.8 (4.6) 0.452
PaO2/FiO2 226 (76) 224 (101) 0.872

Data are expressed as mean (SD)
EAdi diaphragm electrical activity, VT expired tidal volume, IBW
ideal body Weight, RF respiratory frequency, Pimax maximal
inspiratory pressure, PEEP positive end-expiratory pressure,
PaCO2 carbon dioxide tension, PaO2 arterial oxygen tension, FiO2

oxygen inspiratory fraction, SAP systolic arterial pressure

1090



objective and reproducible inspiratory effort rather than
by its value alone. The daily SBT with PSV 7 and no
PEEP was chosen for this study as a reproducible inspi-
ratory effort, but other techniques could be substituted
provided that they were routinely performed and repro-
ducible. Indeed in this study, EAdimaxSBT does not
represent the highest EAdi value as EAdi without any
assist at all or with a clamp on the tracheal tube would be
higher, but we never use these tests.

The NAVA level observed in our study when the
NAVA mode was initiated seems closely similar to those
recently reported by Coisel et al. [10], but differs from
those found by other investigators [11]. These differences
could likely be explained by differences in study popu-
lation characteristics and the method of setting the
NAVA level [10, 11] The high level of pressure support
that we could observe in our study might be related to the
severity of our patients’ conditions. The mean duration of
volume-controlled ventilation that preceded the ventilatory
weaning was extensive and pulmonary mechanics were
compromised as 4 patients had extremely severe H1N1
ARDS and exhibited a thoracopulmonary compliance less
than 10 ml/cmH2O and required extracorporeal membrane
oxygenation (ECMO). Two other patients with ARDS had
pancreatitis with abdominal compartment syndrome and one
patient had exacerbation of cystic fibrosis and required
mechanical ventilation prior to lung transplantation. Three
patients could be defined as difficult to wean as they were
unable to sustain a prolonged SBT at day 3 and were still
ventilated after 7 days [1].

This protocol used a titration of the NAVA level in
order to have an EAdi around 60% of EAdimaxSBT. This
level was arbitrarily chosen on the basis of protocols of
muscular reeducation using electromyogram [10] and
according to studies evaluating diaphragm activation
during exercise [13] and NAVA level titration with EAdi

and PTP measurements [11, 17]. Brander et al. [11]
suggested that the optimal NAVA level (or adequate
NAVA level) was at the inflection point of the airway
pressure trend during a stepwise increase in the NAVA
level. Interestingly they found it to be around 75% of the
highest EAdi obtained at NAVA level zero (PEEP was
present) [11]. We believe that with an adequate NAVA
level, the upper limit of EAdi should be around 60% of
the maximum EAdi during the SBT which is close to the
resting diaphragm activation observed in stable COPD
patients after incremental exhaustive bicycle exercise
[13]. The findings suggest that the NAVA level that we
chosen is likely to be sufficient to prevent muscle fatigue.
Using EAdi in order to adapt PSV with closed-loop
control of respiratory drive has been already proposed by

Table 3 Comparison of respiratory parameters during the first 3 days of NAVA (n = 15)

NAVA day 1 NAVA day 2 NAVA day 3 P value

NAVA level (cmH2O/lV) 2.6 (1.2) 1.8 (0.9)* 1.2 (0.6)* 0.003
EAdi maxSBT (lV) 15.5 (9.7) 22.2 (11.7) 23.6 (12.4) 0.130
EAdi (lV) 9.5 (5.4) 11.9 (7.1) 14.0 (6.9) 0.225
Pimax-PEEP (cmH2O) 20 (8) 17 (10) 15 (9) 0.336
VT (ml) 396 (63) 394 (74) 426 (104) 0.552
VT (ml/kg of IBW) 6.7 (1.3) 6.6 (1.4) 7.4 (1.8) 0.911
RF (cycles/min) 29 (7) 27 (8) 26 (5) 0.455
PEEP (cmH2O) 6 (2) 6 (2) 5 (2) 0.386
pH 7.45 (0.07) 7.47 (0.06) 7.45 (0.04) 0.713
PaCO2 (mmHg) 39.8 (4.6) 38.5 (5.5) 39.0 (6.4) 0.806
PaO2/FiO2 224 (101) 251 (108)* 301 (105) 0.189

Data are expressed as mean (SD)
EAdi diaphragm electrical activity, VT expired tidal volume, IBW
ideal body weight, RF respiratory frequency, Pimax maximal
inspiratory pressure, PEEP positive end-expiratory pressure,
PaCO2 carbon dioxide tension, PaO2 arterial oxygen tension, FiO2

oxygen inspiratory fraction

* P \ 0.05 versus NAVA day 1. P value refers to one-way
ANOVA

Table 4 Comparison between day 1 and day of extubation
(n = 12)

NAVA
day1

NAVA
extubation day

P value

NAVA level (cmH2O/lV) 2.4 (1.0) 1.0 (0.7) \0.00001
EAdi maxSTB (lV) 16.6 (9.6) 21.7 (10.3) 0.013
EAdi (lV) 10.0 (5.5) 15.1 (9.2) 0.026
Pimax-PEEP (cmH2O) 20 (8) 10 (5) 0.003
VT (ml) 402 (65) 421 (93) 0.391
VT (ml kg-1 of IBW) 6.9 (1.3) 7.2 (1.5) 0.552
RF (cycles/min) 29 (8) 26 (5) 0.147
pH 7.45 (0.07) 7.46 (0.04) 0.938
PaCO2 39.5 (4.8) 39.7 (5.7) 0.873
PaO2/FiO2 233 (107) 275 (106) 0.123

Data are expressed as mean (SD)
EAdi diaphragm electrical activity, Pimax maximal inspiratory
pressure, PEEP positive end-expiratory pressure, VT expired tidal
volume, IBW ideal body weight, RF respiratory frequency, PaCO2

carbon dioxide tension, PaO2 arterial oxygen tension, FiO2 oxygen
inspiratory fraction
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Spahija et al. [12] They established a target range of
EAdi, and let breath by breath changes in the EAdi above
or below a certain range determine an increase or
reduction of PSV.

An interesting result in our study was the daily
increase in EAdimaxSBT (Fig. 4). This finding was unex-
pected and raises many questions for which answers can
be only speculative. The day 1 to day 3 increase of
EAdimaxSBT was associated with an improvement of the
respiratory mechanic of studied patients, as half of them
were about to be successfully extubated at day 3. More-
over, while EAdimaxSBT was higher at day 3, VT (IBW)
stayed stable with a lower level of inspiratory pressure
over PEEP. This improvement allowed us to reduce the
NAVA level while preserving both breathing and gas
exchange. A residual sedative effect could participate in a
decreased EAdimaxSBT when ventilatory weaning was
initiated. Indeed, sedative drugs such as midazolam
decrease respiratory drive but also diaphragmatic con-
traction. Consequently, elimination of sedative drugs
between day 1 and 3 may be associated with an
improvement of respiratory drive and thus EAdimaxSBT

values [18]. Flumazenil could have been tested at day 1 in
order to quantify EAdi modification [19]. It is also a
common observation that surface electromyographic
(EMG) amplitude, thus net neural drive to a muscle,
increase within days of training using isometric, concen-
tric, or other forms of contraction (more motor units could
be recruited or firing faster) [20]. With an interval of 24 h
between each EAdimaxSBT measurement, diaphragmatic
function may have changed while recovering from
mechanical ventilation injury [21–23]. It is possible that
the reserve of the diaphragm increases, and that after
3 days diaphragm contributes more to ventilation than the
accessory muscles. Of course, as no any additional mea-
surements have been performed, these explanations are

purely speculative. If the reason is only a decrease of
residual sedative drugs at the beginning of the weaning
process, then EAdi monitoring and daily measurement of
EAdi with the same level of pressure are useful as they
unmask this side effect and allow the NAVA level to be
adapted. Another beneficial aspect of this protocol was
that patients were able to increase their EAdi and pro-
portional assistance by at least 40% in the event of an
increase in breathing effort because of secretions in the
tube, mobilization, or other clinical situations.

The value of EAdi varied greatly between patients,
confirming the hypothesis that the value of EAdi itself is
not correlated with diaphragm strength, but more with its
variation over time. Some patients at day 1 had higher
EAdi values than other patients on the day of extubation.
Patients after lung transplantation were not different from
the others [15].

At day 1, PSV was used as a bridge between volume-
controlled ventilation and NAVA in order to measure
EAdi with a VT of 7 ml/kg of ideal body weight. We
could observe that EAdi values were dramatically low
after 1 h of PSV, about one-third of the EAdimax mea-
sured during the SBT. This raised a question about
whether or not these patients were over-assisted.

Once the NAVA level was stabilized, the majority of
patients, having a high level of pressure delivery, bene-
fited from the better synchronization of NAVA [10].
NAVA improves patient–ventilator synchrony by reduc-
ing the triggering and cycling delays, especially at higher
levels of assist [9, 24]. The fact that pressure is delivered
in proportion to the electrical activity of the diaphragm
explains the variability observed between the two SBT
pressure assist methods [10, 25]. A beneficial aspect of
this protocol in terms of the duration of mechanical
ventilation was that an SBT was performed every day,
beginning on day 1, to measure EAdimax [3, 4]. Some
patients had a successful SBT 2 h in duration, whereas
their level of pressure assist prior to the SBT was still
relatively high (12 cmH2O). With NAVA, a daily SBT
was sufficient to determine when extubation was feasible.
Only one patient was reintubated within the 4 days fol-
lowing extubation because of pulmonary edema.

The following points should be considered in assess-
ing the clinical relevance of this study. This was a
feasibility study in which only 15 patients were enrolled.
However, to our knowledge, it is the first study that
evaluates the titration of NAVA guided by a standardized
intervention effort during the entire weaning process.
Further clinical trials are required to clarify whether or
not NAVA employing this type of protocol represents an
advantage compared with other forms of partial support in
general and PSV in particular. This study only examined
the feasibility of this specific protocol in order to deter-
mine an adapted NAVA level, which is difficult to find,
for each patient everyday. Indeed, although NAVA is a
new mode, the setting performed by the physician is

Fig. 4 Highest EAdi value measured during the daily SBT
(EAdimaxSBT) from day 1 to day 3 for all patients
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‘‘fixed’’ (NAVA level) and needs to be adapted everyday
as in PSV.

Conclusion

A simple protocol was proposed to titrate the NAVA level
daily with an electrical goal (EAdimaxSBT) rather than a
VT. The EAdimaxSBT is measured during a fixed SBT
which may be considered as an objective and standardized
intervention. The improvement of respiratory mechanics
and diaphragm activity allowed a daily reduction of the
NAVA level while preserving breathing and maintaining
blood gases until a successful SBT was conducted.

Further studies are still warranted to clearly demonstrate
the clinical benefits of such a protocol and compare it
with other ventilatory weaning modes such as PSV.
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