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Abstract Objective: Neurally
adjusted ventilatory assist (NAVA) is
a new mode wherein the assistance is
provided in proportion to diaphragm
electrical activity (EAdi). We asses-
sed the physiologic response to
varying levels of NAVA and pressure
support ventilation (PSV). Set-
ting: ICU of a University Hospital.
Patients: Fourteen intubated and
mechanically ventilated patients.
Design and protocol: Cross-over,
prospective, randomized controlled
trial. PSV was set to obtain a VT/kg of
6–8 ml/kg with an active inspiration.
NAVA was matched with a dedicated
software. The assistance was
decreased and increased by 50% with
both modes. The six assist levels were
randomly applied. Measure-
ments: Arterial blood gases
(ABGs), tidal volume (VT/kg), peak
EAdi, airway pressure (Paw), neural
and flow-based timing. Asynchrony
was calculated using the asynchrony
index (AI). Results: There was no
difference in ABGs regardless of
mode and assist level. The differences
in breathing pattern, ventilator

assistance, and respiratory drive and
timing between PSV and NAVA were
overall small at the two lower assist
levels. At the highest assist level,
however, we found greater VT/kg
(9.1 ± 2.2 vs. 7.1 ± 2 ml/kg,
P \ 0.001), and lower breathing fre-
quency (12 ± 6 vs. 18 ± 8.2,
P \ 0.001) and peak EAdi
(8.6 ± 10.5 vs. 12.3 ± 9.0,
P \ 0.002) in PSV than in NAVA;
we found mismatch between neural
and flow-based timing in PSV, but not
in NAVA. AI exceeded 10% in five
(36%) and no (0%) patients with PSV
and NAVA, respectively (P \ 0.05).
Conclusions: Compared to PSV,
NAVA averted the risk of over-
assistance, avoided patient–ventilator
asynchrony, and improved patient–
ventilator interaction.
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Introduction

Modes of partial ventilatory assistance are preferred to
reduce side-effects and complications associated with
controlled mechanical ventilation. With these modes,
ventilator cycling is ideally under control of the patient’s
own respiratory drive and rhythm, which also influences

the ventilatory output to an extent that varies with the
different modes [1]. Coordination between spontaneous
breathing and mechanical assistance, however, is not
guaranteed and a poor interaction between patient and
machine may represent a major problem in the ventilatory
management of patients with acute respiratory failure
[2, 3].

Intensive Care Med (2008) 34:2010–2018
DOI 10.1007/s00134-008-1208-3 ORIGINAL

http://dx.doi.org/10.1007/s00134-008-1215-4


One of the most widely used forms of assisted venti-
lation is pressure support ventilation (PSV), wherein a
preset level of pressure assists every spontaneous inspi-
ration. Although PSV has been proven to be valuable in
several clinical conditions [4, 5], dyssynchrony between
spontaneous inspiration and mechanical cycling has been
frequently described in terms of prolonged mechanical
insufflation [6–9], ineffective efforts [2, 3, 9], premature
interruption of mechanical insufflation [3] and double
triggering [3]. Asynchrony may be secondary to multiple
factors, including machine characteristics and perfor-
mance, patient’s breathing pattern, inspiratory muscle
strength, mechanical properties of the respiratory system,
and factors affecting neural respiratory drive, such as
level of sedation, acidosis and fever. The amount of
assistance is also a determinant of asynchrony; in par-
ticular, excessive levels of inspiratory support may
worsen patient–ventilator interaction [7, 10, 11].

Neurally adjusted ventilatory assist (NAVA) is a new
form of partial support wherein the machine applies
positive pressure throughout inspiration in proportion to
the electrical activity of the diaphragm (EAdi), as asses-
sed by trans-esophageal electromyography [12]. The
amount of assistance for a given EAdi depends on a user-
controlled gain factor [12, 13]. With intact phrenic nerves,
EAdi is the earliest and best signal available to estimate
the neural respiratory drive [12]. Because ventilator
functioning and cycling are under control of the patient’s
respiratory drive and rhythm, NAVA has the potential to
enhance patient–ventilator interaction ensuring synchrony
and minimizing the risk of over-assistance. However,
because sedatives and other factors potentially depressing
the central nervous system, NAVA might, in principle,
decrease alveolar ventilation, especially for low levels of
assistance.

The aim of this study is to compare, in ventilator-
dependent ICU patients, the physiologic response to
varying levels of ventilator assistance in PSV and NAVA.

Materials and methods

The study was performed in the Intensive Care Unit (ICU)
of the Azienda Ospedaliera Maggiore della Carità
(Novara, Italy), according to the principles outlined in the
Declaration of Helsinki. The institutional ethics commit-
tee approved the study. Patient consent was obtained
according to the Italian regulations [14].

Subjects

All intubated patients receiving partial ventilatory support
were considered eligible. Exclusion criteria were: (1) age
\18 years, (2) gastro-esophageal surgery in the previous

12 months, (3) gastro-esophageal bleeding in the previous
30 days, (4) history of esophageal varices, (5) facial
trauma and/or surgery, (6) hemodynamic instability
despite adequate filling [i.e. need for continuous infusion
of epinephrine or vasopressin, or dopamine[5 c/(kg min)
or norepinehrine [0.1 c/(kg min) to maintain systolic
arterial blood pressure [90 mmHg], (7) core temperature
[38�C, (8) coagulation disorders (INR ratio [1.5 and
PTT [44 s), (9) inability to maintain a tidal volume
(VT) B 8 ml/kg with a minimum inspiratory support of
8 cmH2O, and (10) inclusion in other research protocol.

General principles of NAVA

The study was performed using a prototype Servo-I
ventilator (Maquet Critical Care, Sölna, Sweden) capable
of delivering pressure control ventilation, PSV, and
NAVA. As previously described [15], EAdi was obtained
through a nasogastric tube with a multiple array of elec-
trodes placed at its distal end (EAdi catheter, Maquet
Critical Care, Sölna, Sweden). Correct positioning of the
EAdi catheter was assured by means of a specific function
of the ventilator (‘‘EAdi catheter positioning’’).

The EAdi signal is processed according to the Amer-
ican Thoracic Society (ATS) recommendations [16] and
filtered by algorithms designed to provide the highest
possible signal-to-noise ratio. To avoid interference sec-
ondary to variations in lung volume and chest wall
configuration [16], changes in diaphragm position along
the array are also considered [13, 15]. EAdi is quantified
every 16 ms using the root-mean-square [12, 15]. Por-
tions of signal with residual disturbances are removed and
replaced by the values of the previous segment [17].

The amount of pressure instantaneously applied by the
ventilator to the airway opening throughout inspiration is
determined by the processed EAdi, expressed in lV,
multiplied by a user-controlled gain factor (‘‘NAVA
level’’), whose unit is cmH2O/lV. The shape of the air-
way pressure (Paw) therefore resembles the EAdi profile,
while the amount of assistance depends on the magnitude
of both EAdi and ‘‘NAVA level’’. The ventilator can be
cycled-on by two different algorithms, based on either
EAdi, or Paw or flow, according to a hierarchy that fol-
lows the principle that ‘‘first-serves-first’’. During NAVA,
the ventilator is cycled-off when the EAdi falls at 70% of
its peak inspiratory value.

Study protocol

Upon patient enrollment, the ventilator currently in use
and the conventional nasogastric tube were replaced with
the aforementioned prototype ventilator and ‘‘EAdi
catheter’’, respectively. Correct positioning of the catheter
was assessed as mentioned above. We titrated the
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inspiratory pressure support to obtain a VT of 6–8 ml/kg
with an active inspiration, as assessed by a positive rise of
2–4 cmH2O in Paw at the end of an end-inspiratory
occlusion [18]. The flow-trigger sensitivity was adjusted
at the lowest possible level without auto-triggering, while
the expiratory trigger threshold was 30% of the peak
inspiratory flow. We defined this level of assistance
PSV100. Then, we determined the corresponding NAVA
level (NAVA100) using a dedicated function of the pro-
totype ventilator (‘‘NAVA Preview’’), which provides
during PSV an estimate of the NAVA level achieving an
equivalent peak inspiratory Paw (Paw,peak) [19]. PSV100

and NAVA100 were then increased (PSV150 and
NAVA150) and decreased (PSV50 and NAVA50) by 50%.
PEEP and inspired oxygen fraction (FiO2) were main-
tained constant throughout the study period at the values
in use prior to patient enrollment.

Each patient underwent three 20-min trials, as indi-
cated for physiological assessment [20], in each mode.
The six trials were performed in random order, following
predefined computer-generated random sequences. The
last 5 min of each trial were recorded and stored on a
dedicated personal computer for further data analysis. At
the end of each trial, arterial blood was sampled for gas
analysis from a catheter which had been previously placed
in the radial artery for the purpose of monitoring. All
patients were sedated with propofol, either alone or in
association with opiates (remifentanil or fentanyl) to
obtain a Ramsay sedation scale value of 3 [21]. The
infusion of sedatives was maintained constant throughout
the study period. The endotracheal tube was suctioned
before the beginning of each trial.

Criteria for protocol discontinuation were: (1) hemo-
dynamic instability (mean arterial blood pressure
\60 mmHg), (2) agitation, (3) oxygen saturation \90%,
or (4) peak Paw [ 40 cmH2O.

Data acquisition and analysis

Airflow, Paw and EAdi were acquired from the ventilator
through a RS232 interface at a sampling rate of 100 Hz,
recorded by means of dedicated software (Nava Tracker
V. 2.0, Maquet Critical Care, Sölna, Sweden), and ana-
lyzed using a customized software based on Microsoft
Excel�. Paw,peak and peak of EAdi swing (EAdi,peak)
were measured. The integral of Paw over time (PTPaw)
was calculated. From the flow signal we obtained venti-
lator rate of cycling (RRflow); flow-based inspiratory
(TI,flow) and expiratory time (TE,flow); total breath duration
(TTOT,flow); neural inspiratory duty cycle (TE/TTOT,flow);
and VT by digital integration. From the EAdi signal we
calculated patient’s own (neural) respiratory rate (RRneu),
inspiratory (TI,neu) (i.e. time between onset of EAdi swing
and EAdi,peak) and expiratory time TE,neu (i.e. time
between EAdi,peak and onset of the following EAdi

swing), and neural inspiratory duty cycle (TI/TTOT,neu).
Inspiratory trigger delay was calculated as the difference
in time between the onsets of EAdi and Paw inspiratory
swings. The coefficient of variation (CV) for VT, RRflow,
EAdi,peak, and Paw,peak was also calculated (standard
deviation to mean ratio multiplied by 100) as previously
described [22, 23]. To estimate the extent of dyssyn-
chrony we used the asynchrony index (AI) [2, 3]. AI
expresses in percentage the number of asynchrony events
(ineffective efforts and double triggering) divided by the
total respiratory rate (i.e. the sum of ventilator cycles and
ineffective efforts) [2, 3]. An AI [ 10% is considered a
high rate of asynchrony [2, 24].

Data were compared using the analysis of variance
(ANOVA) for repeated measures. The Bonferroni post
hoc test was used to compare equivalent levels of assis-
tance (PSV50 vs. NAVA50, PSV100 vs. NAVA100 and
PSV150 vs. NAVA150). Changes at different levels of
assistance within each mode (PSV50 vs. PSV100 vs.
PSV150 and NAVA50 vs. NAVA100 vs. NAVA150) were
assessed by means of the post hoc test for linear trend
analysis. The slopes of the linear correlations between
EAdi,peak and VT, and EAdi,peak and Paw,peak at each level
of assistance were also calculated and compared using
ANOVA. AI was compared between the two modes using
Fisher’s exact test.

Results

We enrolled 16 consecutive patients; two of them, how-
ever, did not complete the study and could not be included
in the data analysis. Both excluded patients interrupted
the study protocol because of peak Paw [ 40 cmH2O
during the NAVA150 trials. Anthropometric and clinical
characteristics of the 14 patients who concluded the study
protocol are shown in Table 1.

Mean levels of assistance and PEEP are provided in
Table 2. As also shown in Table 2, arterial pH, arterial
oxygen tension to fraction of inspired oxygen ratio (PaO2/
FiO2), and arterial carbon dioxide tension (PaCO2) were
not significantly different between PSV and NAVA at all
levels of assistance. Also, pH, PaO2/FiO2 and PaCO2

showed no linear trend among levels of assistance within
either mode.

Figure 1 depicts in one representative subject the
effects of varying the assistance provided with PSV and
NAVA on flow, Paw, VT, and EAdi. As presented in
Table 2, VT/kg was not significantly different between
either PSV100 and NAVA100 and PSV50 and NAVA50;
compared to NAVA150, however, VT/kg was significantly
higher during PSV150 (P \ 0.05), which was the only trial
wherein VT/kg exceeded 8 ml/kg. Both RRneu and RRflow

were significantly lower with PSV150 than with NAVA150

(P \ 0.05). Both RRneu and RRflow showed a significant
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reduction when increasing the assistance with PSV
(P \ 0.001), but not with NAVA.

Figure 2a illustrates TI,neu (upper panel) and TI,flow

(lower panel) changes produced by varying the assistance

with the two modes. Irrespective of the mode of ventila-
tion, TI,neu did not change when varying the assistance.
There was no difference in TI,neu between PSV and
NAVA at all levels of assistance. TI,flow showed a similar

Table 1 Patient characteristics at enrolment

Patient Gender Age Weight BMI Admission pathology ETT ID (mm) PEEP (cmH2O) PS (cmH2O) FiO2 Days of MV

1 M 26 80 28 Polytrauma, ARDS 8 10 9 0.5 4
2 M 60 80 28 COPD exacerbation 8 10 15 0.4 2
3 M 56 85 26 Polytrauma, ARDS 8 12 10 0.45 5
4 M 46 100 31 Pancreatitis, ALI 8 10 8 0.4 4
5 M 39 75 23 Polytrauma, ARDS 8 17 16 0.4 19
6 M 58 75 26 Polytrauma 8 6 8 0.3 11
7 M 57 150 46 Pneumonia, obesity 8 13 14 0.4 5
8 M 65 85 29 Brain injury 8 5 10 0.3 6
9 M 43 80 26 Polytrauma 8 6 11 0.4 4
10 M 42 60 21 Polytrauma, ALI 8 11 15 0.35 16
11 F 82 80 31 Septic shock, ALI 7.5 10 10 0.3 10
12 F 50 70 26 Septic shock, ALI 7.5 10 10 0.35 3
13 M 74 80 26 AAA rupture 8 8 10 0.35 8
14 M 77 75 26 COPD exacerbation 8 5 8 0.35 4

BMI body mass index, ETT endotracheal tube, ID internal diameter,
PEEP positive end-expiratory pressure, PS inspiratory pressure
support above PEEP, FiO2 inspiratory oxygen fraction, MV

mechanical ventilation, COPD chronic obstructive pulmonary dis-
ease, AAA abdominal aortic aneurism, ALI acute lung injury, ARDS
acute respiratory distress syndrome

Table 2 Ventilator settings, arterial blood gases, breathing pattern, patient–ventilator interaction, and variability

PSV50 PSV100 PSV150 Trend NAVA50 NAVA100 NAVA150 Trend

Settings
Support level 5.7 ± 2 11 ± 3.2 16.3 ± 4.6 P \ 0.001 0.6 ± 0.6 1.3 ± 1.2 1.9 ± 1.8 P \ 0.001
PEEP (cmH2O) 9.5 ± 3.3 9.6 ± 3.2 9.6 ± 3.2 P = 0.48 9.7 ± 3.3 9.6 ± 3.2 9.6 ± 3.2 P = 0.12
Blood gases
pH 7.38 ± 0.08 7.39 ± 0.07 7.39 ± 0.09 P = 0.43 7.37 ± 0.07 7.38 ± 0.08 7.38 ± 0.09 P = 0.07
PaO2/FiO2 262 ± 83 251 ± 68 269 ± 86 P = 0.49 260 ± 82 263 ± 79 272.2 ± 79 P = 0.31
PaCO2 (mmHg) 55.0 ± 18.1 52.7 ± 15.1 51.6 ± 14.1 P = 0.11 55.6 ± 16.3 53.6 ± 15.9 53.7 ± 18.1 P = 0.07
Breathing pattern
VT/kg (ml/kg) 6.2 ± 2.0 7.1 ± 1.7 9.1 ± 2.2 P \ 0.001 6.4 ± 2.1 6.7 ± 1.9 7.1 ± 2.1* P \ 0.05
RRneu (breath/min) 19 ± 9 17 ± 7 13 ± 6 P \ 0.001 19 ± 9 18 ± 8 18 ± 7* P = 0.68
RRflow (breath/min) 19 ± 9 17 ± 6 12 ± 6 P \ 0.001 19 ± 9 18 ± 7 18 ± 8* P = 0.26
TI/TTOT,neu (%) 21.8 ± 6.7 18.6 ± 6.8 14.2 ± 8.0 P \ 0.01 23.2 ± 9.1 23.8 ± 11.8 22.2 ± 6.7** P = 0.73
TI/TTOT,flow (%) 28.4 ± 8.7 27.5 ± 7.2 24.0 ± 6.6 P \ 0.01 26.4 ± 10.5 26.7 ± 9.4 25.4 ± 8.6 P = 0.20
P–V interaction
Paw,peak (cmH2O) 16.4 ± 4.2 21.6 ± 5.1 26.6 ± 6.5 P \ 0.001 18.8 ± 6.7 22.9 ± 7.8 26.3 ± 9.4 P \ 0.001
PTPaw (cmH2O s) 4.7 ± 2.3 9.8 ± 4.8 18.1 ± 9.6 P \ 0.001 4.3 ± 2.6 6.4 ± 3.4 8.0 ± 5.5*** P \ 0.001
EAdi,peak (lV) 14.8 ± 13.0 9.1 ± 9.8 8.6 ± 10.5 P \ 0.001 16.1 ± 10.7 12.8 ± 9.4 12.3 ± 9.0* P \ 0.001
Inspiratory trigger

delay (ms)
90 ± 80 120 ± 60 80 ± 70 P = 0.18 130 ± 110 110 ± 40 100 ± 60 P = 0.17

VT/EAdi,peak (ml/lV) 12 ± 12.7 19.3 ± 20.1 12.2 ± 18.5 P = 0.23 18.9 ± 15.4 26.5 ± 19.4 35 ± 31** P \ 0.01
Paw,peak/EAdi,peak

(cmH2O/lV)
0.03 ± 0.04 0.28 ± 0.60 0.09 ± 0.12 P = 0.15 0.68 ± 0.68 1.26 ± 1.30** 1.60 ± 1.61*** P \ 0.01

Variability
VT-CV (%) 9.3 ± 5.1 9.9 ± 6 6.9 ± 6.3 P = 0.37 16.1 ± 13 17.2 ± 10 * 18.5 ± 11.8*** P = 0.71
RRflow-CV (%) 12.5 ± 6.4 14.8 ± 7.6 22.8 ± 13.9 P \ 0.01 20.9 ± 18.5 16.2 ± 12.7 13.6 ± 5.9* P = 0.28
EAdi,peak-CV (%) 24.7 ± 10.8 29.1 ± 13.2 39.3 ± 24.6 P \ 0.05 22.9 ± 10.3 21.9 ± 6.7 24.6 ± 8.6* P = 0.60

Data are expressed as mean ± SD
cmH2O, units referred to PS; cmH2O lV, units referred to NAVA;
P–V interaction, patient–ventilator interaction; VT, tidal volume;
RRflow, flow-based respiratory rate; RRneu, neural respiratory rate;
TI/TTOT,low, flow-based inspiratory duty cycle; TI/TTOT,neu, neural
inspiratory duty cycle; Paw, airways pressure; PTPaw, airway
pressure-time-product; EAdi, electrical activity of the diaphragm;

RRflow, machine respiratory rate, Paw,peak, peak Paw; EAdi,peak,
peak EAdi; VT/EAdi,peak, slope of VT/EAdi,peak linear regression;
Paw,peak/EAdi,peak, slope of Paw,peak/EAdi,peak linear regression;
CV, coefficient of variation
* P \ 0.05 NAVA versus PSV at equivalent level of assistance,
** P \ 0.01 NAVA versus PSV at equivalent level of assistance,
*** P \ 0.001 NAVA versus PSV at equivalent level of assistance
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behavior with NAVA, while it progressively rose
increasing PSV (P \ 0.05), so that it was significantly
longer during PSV150, compared to NAVA150 (P \ 0.05).
Figure 2b depicts TE,neu (upper panel) and TE,flow (lower
panel) changes produced by the two modes. TE,neu sig-
nificantly augmented increasing PSV, but not NAVA, and
was significantly longer at PSV150, compared to
NAVA150. TE,flow also did not change varying NAVA
level, while it progressively increased at higher PSV
(P \ 0.05) so that it was significantly longer during
PSV150, compared to NAVA150 (P \ 0.05). As shown in
Table 2, TI/TTOT,neu did not vary when modifying NAVA
level, while it significantly decreased when rising PSV
(P \ 0.01). TI/TTOT,neu was smaller with PSV150 than with
NAVA150 (P \ 0.01); TI/TTOT,flow was significantly
reduced at increasing levels of assistance with PSV
(P \ 0.01), but not with NAVA. Nevertheless, there was
no significant difference in TI/TTOT,flow between PSV and
NAVA at any assist level.

As displayed in Table 2, with both modes Paw,peak

and PTPaw significantly rose when increasing support
(P \ 0.001). Paw,peak was not significantly different
between the two modes at corresponding levels of assis-
tance, while PTPaw was higher with PSV150 than with
NAVA150 (P \ 0.001). As also shown in Table 2, with
both modes EAdi,peak decreased after increasing assis-
tance (P \ 0.001). EAdi,peak was significantly lower at
PSV150 than at NAVA150 (P \ 0.05).

Figure 3 depicts individual data of EAdi,peak versus
Paw,peak (panel a) and EAdi,peak versus VT (panel b)
relationships in one representative subject, for PSV (upper

panels) and NAVA (lower panels). In PSV, regardless of
EAdi, the support delivered by the ventilator (Paw,peak)
did not vary. Conversely, in NAVA Paw,peak changed in
proportion to EAdi (Fig. 3a). In PSV, VT slightly rose
when increasing EAdi only at the lowest level of support;
in NAVA, VT augmented as EAdi increased at all levels
of assistance (Fig. 3b). Group mean data for the slopes of
EAdi,peak versus Paw,peak and EAdi,peak versus VT are
provided in Table 2. For both relationships, the slopes
significantly rose at increasing levels of assistance only
with NAVA (P \ 0.01). The EAdi,peak versus Paw,peak

slope was significantly higher at NAVA100 (P \ 0.01)
and NAVA150 (P \ 0.001), as opposed to PSV100 and
PSV150, respectively. The EAdi,peak versus VT slope was
significantly higher at NAVA150 than at PSV150

(P \ 0.01). Figure 4 depicts the relationships between
group mean data (±SD) of VT and EAdi for PSV and
NAVA, at all levels of assistance. Reducing ventilator
assistance by 50% caused an increase in EAdi and a slight
reduction in VT with both modes. When increasing the
assistance by 50%, a further decrease in EAdi and a
remarkable rise in VT occurred with PSV, while both VT

and EAdi showed little changes with NAVA.
The CV of VT, RRflow, Paw,peak, and EAdi,peak did not

change when varying the NAVA level (Table 2). During
PSV there was a significant increase in the CV of RRflow

(P \ 0.01) and EAdi,peak (P \ 0.05) at increasing levels
of assistance. Compared to PSV100 and PSV150, the CV of
VT was higher with NAVA100 and NAVA150 (P \ 0.001).
Both RRflow and EAdi,peak were higher with PSV150, as
opposed to NAVA150 (P \ 0.05).

Fig. 1 Examples of tracings
from one representative patient
breathing with PSV and NAVA.
From top to bottom, flow, Paw,
VT, and EAdi are shown. Low
(PSV50 and NAVA50), middle
(PSV100 and NAVA100), and
high (PSV150 and NAVA150)
assist levels are displayed from
left to right. Differences
between PSV and NAVA were
relatively small at the two lower
assist levels. On the contrary, as
opposed to NAVA150, PSV150

resulted in smaller EAdi, higher
tidal volume, and occurrence of
ineffective efforts. Paw, airway
pressure; VT, tidal volume;
EAdi, diaphragm electrical
activity; PSV, pressure support
ventilation; NAVA, neurally
adjusted ventilatory assist
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Double triggering never occurred. Ineffective efforts
were observed during PSV, but never during NAVA. AI
exceeded 10% in five (36%) patients with PSV and in no
patients with NAVA (P \ 0.05). One patient showed
ineffective efforts at all levels of PSV, two patients at the
intermediate and high PSV level, and two patients only at
PSV150.

Discussion

We found that irrespective of the assistance, arterial blood
gases were not significantly different between PSV and
NAVA. The differences in breathing pattern, ventilator
assistance, and respiratory drive and timing between PSV
and NAVA were small at the two lower assist levels, but
significant at the highest assist. In the range of settings
studied, compared to PSV, NAVA limited the risk of

over-assistance, avoided patient–ventilator asynchrony,
and improved overall patient–ventilator interaction.

When introducing a new mode of ventilation it is
necessary to compare it with the established treatment,
which in our case was PSV. We set the reference PSV
(PSV100) in order to achieve a VT between 6 and 8 ml/kg.
During PSV, however, the patient might produce a small,
brief effort, just sufficient to trigger the ventilator and
then relax, therefore being passively ventilated for the
large majority of the inspiratory phase and not retaining
control of his/her breathing pattern [25]. To overcome this
drawback we used the non-invasive technique described
by Foti et al. [18]. Moreover, when comparing modes of
ventilation, equivalent levels of assistance should be used
making the choice of the matching variable crucial. This
choice, however, is not simple and is anyway susceptible
to criticisms [26]. We opted for using the specific function
(NAVA Preview) available on the ventilator to estimate
the NAVA level necessary to deliver the assistance

Fig. 2 a Group mean data (mean ± SD) of neural (TI,neu) and
flow-based (TI,flow) inspiratory time with PSV (filled triangle) and
NAVA (hollow circle) at the three support levels are shown in the
upper and lower panel, respectively. With NAVA, both TI,neu and
TI,flow did not change when varying the level of support. With PSV,
TI,neu also remained unchanged when varying the level of support,
while TI,flow rose increasing support and was significantly higher at
PSV150, compared to NAVA150. b Group mean data (mean ± SD)
of neural (TE,neu) and flow-based (TE,flow) inspiratory time with

PSV (filled triangle) and NAVA (hollow circle) at the three support
levels are shown in the upper and lower panel, respectively. With
NAVA, both TE,neu and TE,flow did not change when varying the
level of support. With PSV, TE,neu and TE,flow both rose with
increasing support and were significantly higher at PSV150,
compared to NAVA150. Pressure support ventilation (PSV);
neurally adjusted ventilatory assist (NAVA). * P \ 0.05, NAVA
versus PSV at equivalent level of assistance. § P \ 0.05, linear
trend for NAVA or PSV
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equivalent to a given preset PSV. PSV100 and NAVA100

did not show significant differences in Paw,peak (Table 2)
and mean inspiratory Paw (18.2 ± 4.3 and 16.1 ± 5.1,
for PSV100 and NAVA100, respectively, P = 0.23);

moreover, VT/kg, breathing frequency, EAdi and PTPaw
also showed no significant difference between PSV100 and
NAVA100.

We included patients with different underlying dis-
eases who had been receiving invasive mechanical
ventilation for a variable time. We are aware that evalu-
ating a more selected population of patients might result
in more homogeneous results. In a previous study aimed
to evaluate whether and to what extent the underlying
disease affected diaphragmatic effort and patient–venti-
lator synchrony, Nava et al. [5] found that the application
of different levels of PSV resulted in comparable dia-
phragmatic efforts in patients with acute respiratory
failure due to different pathologies. Also, patient–venti-
lator asynchrony occurred with all underlying diseases,
although it was more pronounced in patients with chronic
obstructive pulmonary disease [5]. To date, no study
reporting the use of NAVA in ICU patients, rather than in
animals or healthy subjects, has been published yet.

Patients receiving mechanical ventilation require
sedation and analgesia for anxiety and pain experienced
during the time they are intubated. Accordingly, all
patients included in our study received a continuous
infusion of propofol, either alone or in association with
remifentanil, to maintain a Ramsay score of 3 [21]. By
depressing the neural drive, which controls the ventilator
during NAVA, sedatives might more markedly affect
NAVA than PSV. We found that PSV and NAVA had
similar effects on gas exchange, irrespective of the assist
level, suggesting that NAVA was not associated with an
increased risk of hypoventilation secondary to sedative
infusion. A total of 3 patients received propofol alone and
11 received both propofol and remifentanil. No patient

Fig. 3 Relationships between
Paw and EAdi (a), and tidal
volume (VT) and EAdi (b) are
depicted for the three assist
levels with PSV (upper panels)
and NAVA (lower panels), in
one representative patient.
a Paw did not change when
varying the support level in
PSV. Oppositely, in NAVA,
Paw,peak varied in proportion to
EAdi. b During PSV, VT

slightly rose when increasing
EAdi only at the lowest level of
support. During NAVA, VT

augmented as EAdi increased at
all levels of assistance. Paw,
airway pressure; VT, tidal
volume; EAdi, diaphragm
electrical activity; PSV,
pressure support ventilation;
NAVA, neurally adjusted
ventilatory assist

Fig. 4 Relationships between group mean data (mean ± SD) of VT

and EAdi are shown for PSV (triangles) and NAVA (circles), at all
levels of assistance. Group mean data (mean ± SD) for PSV100 and
NAVA100 are indicated by grey symbols. VT was similar with the
two modes, while EAdi was slightly, but not significantly, lower
with PSV than with NAVA. When reducing ventilator assistance by
50% (black symbols), both modes showed an increase in EAdi and a
slight reduction in VT. When augmenting the assistance by 50%
(white symbols), PSV resulted in a further decrease in EAdi and a
remarkable rise in VT, while NAVA produced little changes with
respect to both variables. Please, refer to Table 2 for the statistical
significance of the variables plotted in the graph. Paw, airway
pressure; VT, tidal volume; EAdi, diaphragm electrical activity;
PSV, pressure support ventilation; NAVA, neurally adjusted
ventilatory assist
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received fentanyl. Propofol infusion rate ranged between
1 and 4 mg/(kg h); remifentanil infusion rate ranged
between 0.05 and 0.2 lg/(kg min). Mean infusion rates
were 2.2 ± 1.3 mg/(kg h) and 0.12 ± 0.05 lg/(kg min)
for propofol and remifentanil, respectively. Noteworthy,
in no patient propofol infusion exceeded 4 mg/(kg h) and
only in three patients remifentanil infusion exceeded
0.125 lcg/(kg min). Indeed, the risk of central drive
depression at these dosages is very low. We cannot
exclude, however, that deeper levels of sedation might
determine different results. Moreover, our protocol does
not address whether or not varying the rate of sedative
infusion would affect the two modes.

It has been repeatedly reported that increasing the
level of PSV augments VT, decreases breathing fre-
quency, neural drive, and inspiratory effort, and may
worsen patient–ventilator synchrony [7, 10, 11]. We
found that with both modes increasing the assist level
produced significant increments in PTPaw and VT, and
reduction in EAdi. While, at the two lower assist levels
PSV and NAVA showed no significant differences in
either the amount of assistance provided (i.e. PTPaw),
breathing pattern, or neural drive (i.e. EAdi,Peak), PSV150

significantly increased VT and reduced breathing fre-
quency, compared to NAVA150. Also, although Peak
Paw values were not different between PSV150 and
NAVA150, with the former, as opposed to the latter, the
ventilator assistance was greater and the neural drive
smaller. These results indicate that, overall, compared to
PSV, NAVA has the potential to limit the risk of over-
assistance.

Both neural- and flow-based respiratory timing was
unaffected by the NAVA level. TI,neu was also unaffected
by the support level in PSV. Increasing PSV, however,
significantly lengthened TI,flow. With PSV, a prolonged
mechanical insufflation exceeding TI,neu frequently
occurs, especially at higher levels of support [1, 8, 27].
This is recognized to be the underlying mechanism of
patient–ventilator asynchrony [28]. When the onset of the
neural expiration is impeded, the response of the respi-
ratory centers is to prolong the expiratory time [6, 29].
Accordingly, we found that increasing PSV lengthened
both TE,neu and TE,flow. As a result, we observed signifi-
cant differences in TI,flow, TE,neu, TE,flow, and TI/TTOT,neu

between PSV150 and NAVA150. Because TI/TTOT,flow, was
unchanged between the two modes regardless of the level
of assistance, NAVA did not increase, when compared to
PSV, the risk of dynamic hyperinflation.

Patient–ventilator asynchrony is a maladaptation of
the ventilator to patient’s neural respiratory timing [28].
As expected, with NAVA we could not observe any
asynchrony, regardless of the level of assistance. On the
contrary, more than one-third of the PSV trials were
characterized by ineffective efforts, as evidenced by an
AI [ 10%, with a rate that increased at the highest level
of assistance. As recent work showed that patients with

an AI exceeding 10% are subject to longer duration of
mechanical ventilation and increased recourse to tra-
cheostomy [3], these findings may be clinically relevant.
Clearly, our results are valid in the range of setting
studied and one could argue that further increasing the
NAVA level might produce an additional decrease in
EAdi and cause ineffective efforts to occur. Also,
because of the mixed patient population, we chose not to
vary the expiratory trigger threshold and leave the ven-
tilator default value; we cannot exclude a lower rate of
AI had occurred varying this PSV setting on an indi-
vidual basis. Moreover, we do not know whether the use
of an EAdi-based trigger during PSV would contain the
occurrence of ineffective efforts and how the overall
physiologic response to PSV would be consequently
affected.

In a comparison between PSV and proportional assist
ventilation (PAV), Wrigge et al. [23] found that VT var-
iability was higher during PAV and rose when increasing
the assist level. The authors considered these results as a
consequence of the improved ability to vary VT by
modulating the inspiratory effort. In our study, when
compared to PSV, NAVA showed a higher VT variability
regardless of the assist level. EAdi variability in NAVA
was lower than in PSV, a difference that achieved sta-
tistical significance at the highest assist level.
Furthermore, in contrast to the aforementioned study,
when increasing the assistance the variability in breathing
frequency progressively increased with PSV and
decreased with NAVA. This was statistically significant
when comparing PSV150 to NAVA150. Overall, as
opposed to PSV, increasing NAVA augmented VT vari-
ability and reduced RRflow variability, mimicking the
behavior of healthy individuals [22].

Conclusions

In summary, our study indicates that the response to
changes in assist level is different between PSV and
NAVA, especially at the highest assist. These differ-
ences, nonetheless, have little impact on gas exchange.
In the range of settings studied, compared to PSV,
NAVA shows the potential to limit the risk of over-
assistance, prevent patient–ventilator asynchrony, and
improve overall patient–ventilator interaction. As a
whole, however, the differences in respiratory drive and
timing, amount of ventilator assistance, and breathing
pattern were remarkable only at the highest assist level.
Finally, it is worth noting that this is a preliminary
physiologic study and that further physiologic studies
and clinical trials are necessary to clarify whether or
not NAVA really represents an advantage compared to
other forms of partial support in general and PSV in
particular.
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