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BACKGROUND: Noninvasive ventilation (NIV) is commonly used in neonates. A mode of NIV
called neurally adjusted ventilatory assist (NAVA) offers patient-ventilator interactions by using
electrical activity of the diaphragm to control mechanical breaths. We hypothesized that the work
of breathing (WOB) would decrease with NIV-NAVA. Secondary objectives evaluated the impact
of NIV-NAVA on arterial blood gases and respiratory parameters. METHODS: We compared
WOB between synchronized breaths in NIV-NAVA and NIV in piglets with healthy lungs and then
with surfactant-depleted lungs. Neonatal pigs (median, 2.0 [range, 1.8–2.4] kg) with healthy and
then surfactant depleted lungs were sedated and ventilated with NIV-NAVA and NIV in random
order. Airway flow and pressure waveforms were acquired. Waveforms were analyzed for the
pressure-time product that reflected WOB. The primary outcome between modes was assessed with
repeated measurement analysis of variance. RESULTS: The pressure-time product was significantly
decreased for NIV-NAVA in both healthy and injured lungs (P < .001). PaO2

, PaCO2
, inspiratory tidal

volume, and peak inspiratory flow were not different in either model. CONCLUSIONS: Synchronized
breaths during NIV-NAVA resulted in decreased WOB compared with synchronized breaths during
NIV. Key words: neurally adjusted ventilatory assist; NAVA; noninvasive ventilation; work of breathing; NIV;
respiratory physiology. [Respir Care 2018;63(12):1478–1484. © 2018 Daedalus Enterprises]

Introduction

Intubation and mechanical ventilation have significantly
improved the survival rate of neonates. These treatments,
however, are not without risk. Acute complications in-
clude air-leak syndromes, airway trauma, infection, and
subglottic stenosis.1,2 Intubation and mechanical ventila-
tion have also been shown to be associated with long-term
risks, for example, bronchopulmonary dysplasia,3 and have
been indicated as risk factors associated with retinopathy

of prematurity.4,5 Currently, there is agreement that inva-
sive mechanical ventilation should be minimized or avoided
completely to reduce the risk of ventilator-induced lung
injury.6 Use of noninvasive ventilation (NIV) in the pre-
term infant has been reported to reduce the need for intu-
bation, decrease lung injury, and decrease the risk of
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long-term complications, for example, bronchopulmo-
nary dysplasia.7,8

SEE THE RELATED EDITORIAL ON PAGE 1579

Commonly used NIV strategies in the neonatal ICU
include nasal CPAP and ventilation (NIV). Nasal CPAP ap-
plies a constant distending pressure level (above the atmo-
spheric pressure level) during inhalation and exhalation to
support spontaneously breathing neonates. NIV has a con-
stant distending pressure with intermittent superimposed in-
flations. A recent meta-analysis compared NIV with CPAP
and found that NIV decreases the need for intubation and
reduces the incidence of extubation failure.9

Neurally-adjusted ventilator assist (NAVA) is a mode
of assisted ventilation that uses the electrical activity of the
diaphragm (EAdi) to control the ventilator. The EAdi rep-
resents the neural effort, both with respect to timing and
amplitude.10,11 With NAVA ventilation, the EAdi signal
can trigger and cycle a positive-pressure breath indepen-
dent of airway leak.10-12 NAVA can be used as an invasive
form of ventilation as well as noninvasively (NIV-
NAVA).10,13 Improved synchrony with NAVA over NIV
has been documented.14-16 However, to our knowledge,
there are no data that indicate whether synchronized
NIV-NAVA breaths may result in less work of breath-
ing (WOB) than synchronized NIV breaths.

Our study used a piglet model. A number of studies
have shown that the relative maturity of the piglet brain,
lungs, and cardiovascular system is comparable with the
human neonate.17-21 Eiby et al21 were able to further define
similarities between piglets and humans at specific gesta-
tions. We hypothesized that WOB during synchronized
breaths would be decreased with NIV-NAVA compared
with NIV in both healthy and surfactant-depleted lungs in
a piglet model. Our secondary objectives were to compare
the effects of NIV-NAVA and NIV on arterial blood gases
and respiratory parameters.

Methods

The animal review committee of the University of Ar-
kansas for Medical Sciences approved this study. The work
was conducted at Arkansas Children’s Hospital Research
Institute in Little Rock, Arkansas. The animals were cared
for in accordance with the standards for care and use of
laboratory animals set forth by the university. Twelve neo-
natal pigs were used for this evaluation. The pigs were
male, domestic porcine anesthetized with a mixture of
tiletamine, ketamine, and xylazine (0.04 mL/kg) intramus-
cularly and Forane gas (Baxter Healthcare Corp, Deer-
field, Illinois) (3–4%) via mask (Canine Anesthesia Mask,
Kent Scientific, Torrington, Connecticut). Dissection to

the external jugular vein was performed and a central ve-
nous line placed for drug administration (dexmedetomi-
dine 6–10 �g/kg/h plus fentanyl 3–5 �g/kg/h) during the
experiments. The level of sedation was clinically moni-
tored to maintain the animal in a light sleep, defined as not
moving but breathing spontaneously and with a consistent
EAdi tracing. In addition, an arterial catheter was placed in
the carotid artery for blood gas and blood pressure mon-
itoring.

Heart rate, oxygen saturation, and temperature were mon-
itored with a physiologic monitor (SC 9000 XL, Siemens,
Dräger, Germany). Each pig was randomized to NIV-
NAVA or NIV, and evaluated first in the healthy state and
then again after lung injury. Thus, each pig was its own
control for comparison between NIV-NAVA and NIV,
and between healthy and surfactant depleted states so to
minimize variability (Fig. 1). An EAdi catheter was placed
in all the pigs and remained in place throughout the ex-
periment. The position of the EAdi catheter was verified by
using the position screen on the ventilator as well as the
observation of the EAdi signal itself. This position was
monitored routinely throughout the study. Before any data
collection, the position was confirmed in the same manner.

The pigs were ventilated (via mask) by using the
Servo-i ventilator (Maquet, Getinge Group, Rastatt, Ger-
many) with randomly applied NIV-NAVA and NIV with
3 cm H2O PEEP and FIO2

of 1.0. In healthy porcine lungs,
PEEP was optimized at 3 cm H2O to avoid suppression of
the respiratory drive. For NIV-NAVA, the median (range)
set NAVA level was 0.4 (0.3–0.5) cm H2O/�V for the
healthy lung and 0.5 (0.3–1.0) cm H2O/�V for the par-
tially injured lung. The NAVA level was adjusted accord-
ing to the EAdi signal, similar to a clinical setting. Ac-

QUICK LOOK

Current knowledge

Because of the risks associated with invasive ventila-
tion in a neonatal population, clinical practice is shift-
ing to an emphasis on noninvasive ventilation (NIV)
strategies in this subset of patients. NIV and neurally-
adjusted ventilatory assist (NAVA) improve patient-
ventilator synchrony when compared with other com-
monly used forms of neonatal NIV.

What this paper contributes to our knowledge

In a neonatal pig model, NIV-NAVA decreased the
work of breathing during synchronous breaths when
compared directly with synchronous breaths given with
NIV. Decreased work of breathing was demonstrated in
both healthy neonatal pig lungs and surfactant-depleted
neonatal pig lungs.
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cording to the manufacturer of NAVA, the usual NAVA
level is 0.5–2.0 cm H2O/�V, with EAdi signals between
5 and 15 �V. These parameters were used for adjustment
of our study subject’s NAVA level.

The set EAdi trigger (median, range) was 0.5 (0.2–
0.5) �V for the healthy lung and 0.5 (0.3–0.6) �V for the
partially injured lung. For NIV, pressure control was set to
achieve a target tidal volume (VT) of 8–10 mL/kg, which
is optimal in the piglet mode. For each mode of ventila-
tion, a stabilization period of 30 min was followed by a
5-min data collection period. The pigs were then intubated
with a 3.0 cuffed endotracheal tube and were ventilated on
baseline settings; pressure control mode, target VT of
8–10 mL/kg, PEEP of 3 cm H2O and FIO2

of 1.0. After
10 min of ventilation, an arterial blood gas sample was
obtained to document PaO2

, added together with PCO2
in the

arterial blood (PaCO2
) of � 400 mm Hg; dynamic compli-

ance was also documented.
To produce a partially injured lung model, the pigs were

subject to a saline solution washout.22 The saline solution
washout was completed with volumes of warm normal
saline solution (30 mL/kg) administered in 1–3 instilla-
tions through a tight tracheal cannula via gravity drainage
into and out of the lungs. Pigs were then ventilated with
baseline settings for 5 min and dynamic compliance doc-
umented. Lungs were considered partially injured when
compliance was 50–70% of baseline. The pigs were then
extubated and ventilated (via mask) with randomly applied
NIV-NAVA and NIV as with the healthy lung. We used a
published method to set PEEP with a computerized con-
ventional ventilation recruitment tool available on the
Servo-i ventilator.23 The median (range) set PEEP was
5 (3–8) cm H2O for the partially injured lung.

Measurements of respiratory flow and pressure wave-
forms were acquired by using the Biopac MP-100 System
(Biopac Systems, Santa Barbara, California). A heated
0–35 L/min pneumotachograph (PNT) (Hans Rudolph,
Shawnee, Kansas) was placed in line between the mask
and the ventilator. Volume measurements were obtained
through the computer by integrating the flow signal. Vol-
ume was verified with a calibrated syringe (Hans Rudolph).
To monitor pressure, the pneumotachograph was equipped
with a pressure hose, barb-type port that allowed airway
pressure sampling. Pressure was calibrated with a manom-
eter (Air Flow Developments, Wycombe, United King-
dom). All output signals were routed via an analog channel
box into the Biopac MP100 data acquisition unit, which
converted them into digital signals. Signals were obtained
at a rate of 500 samples per second. Gas humidification
was maintained by an in-line Fisher & Paykel MR850
humidification system (Fisher & Paykel, Irvine, Califor-
nia). Data were collected for each mode (NIV-NAVA and
NIV) for both healthy and partially injured lungs. For each
measurement period, there was a stabilization period of
30 min, followed by data collection for 5 min.

In the NIV mode, all breaths are pneumatically trig-
gered. Flow and pressure waveforms obtained with the
pneumotachograph at the airway were analyzed to identify
evidence of subject-ventilator asynchrony. Flow asyn-
chrony was determined by identifying the presence of
concavity (�1 cm H2O) in the pressure-time waveform
during inspiration.24 Only synchronous breaths were ana-
lyzed. In the NIV-NAVA mode, breaths are either pneu-
matically triggered, which results in a pressure support
breath, or neurally triggered. NAVA is triggered on a first-
come-first-served basis between a neural signal, which is
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Fig. 1. Experimental setup. EAdi � electrical activity of the diaphragm; NIV � noninvasive ventilation; NAVA � neurally adjusted ventilatory
assist; ABG � arterial blood gas.
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determined by a deflection in the EAdi signal, and a pneu-
matic trigger, which is caused by a deflection in airway
pressure. Maximum pressure that can be achieved in NIV-
NAVA is 30 cm H2O. Classification of breaths was de-
termined via video recording of the ventilator screen dur-
ing experiments. Trigger indication is displayed in the
message/alarm field of the screen of the ventilator and is
displayed as a pneumatic or neural trigger for each breath.
Breaths from the video recording of the ventilator screen
were matched timewise to breaths collected from the pneu-
motachograph at the airway opening and documented as
pneumatically or neurally triggered for 1 min. Only neurally
triggered synchronous breaths were analyzed.

Pressure waveforms were analyzed for pressure-time prod-
uct (PTP), as a measure of WOB. PTP area A was defined as
the area of the pressure curve (integration of pressure with
respect to time) from initiation of a breath (zero flow) to the
beginning of ventilator pressurization (most negative deflec-
tion of pressure). PTP area A reflects the subject’s WOB or
the work required for the subject to trigger a breath. PTP area
B was defined as the area of the pressure curve from the
beginning of ventilator pressurization (most negative deflec-
tion of pressure) to return to baseline pressure. PTP area B
reflects both subject and ventilator work, or the work needed

for the subject and the ventilator to complete a breath that has
already been initiated. PTP area 1 is area A and area B
combined. PTP area 1 reflects the effort of the subject to
trigger a breath as well as the initial work performed by both
the subject and the ventilator. A graphic depiction can be seen
in Figure 2.

Flow and pressure waveforms were analyzed for in-
spiratory VT, peak inspiratory flow, and peak pressure.
Inspiratory VT was recorded rather than expiratory VT due
to the inherent nature of leaks with NIV. Inspiratory VT,
peak inspiratory flow, peak pressure, and PTP were mea-
sured for 10 neurally triggered breaths for NIV-NAVA
and 10 synchronous breaths for NIV. Asynchronous breaths
for any mode were excluded from the analysis. Arterial
blood gases were analyzed by using i-STAT (Abbott,
Princeton, New Jersey), a blood gas analyzer system. Pri-
mary outcomes of interest were PaO2

(mm Hg) and PaCO2

(mm Hg). Blood gas samples were collected for both NIV
and NIV-NAVA modes after the 5-min data collection
period with both the healthy and partially injured lung.
Mean arterial blood pressure (mm Hg) and heart rate
(beats/min) were monitored continuously with a physio-
logic monitor (SC 9000XL, Siemens, Dräger Medical, Tel-
ford, Pennsylvania). Breathing frequency (f), EAdi peak
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Fig. 2. Graphic representation of pressure-time product (PTP) measurements by using a representative breath from a study piglet. The x
axis is the time in seconds; y axis is the flow in mL/s and pressure in cm H2O. (A) Zero flow, initiation of the breath; (B) point at which the
ventilator begins pressurization; (C) point at which pressure returns to baseline; (D) peak inspiratory flow; (E) end of inspiration; (F) peak
inspiratory pressure. PTP area A � Integration of pressure from point A to B, which represents patient’s work of breathing (WOB) (the effort
by the patient during triggering); PTP area B � integration of pressure from point B to point C, which represents both patient and ventilator
WOB; PTP area 1 � area A plus area B (points A to C). PTP area 1 reflects the amount of effort expended to activate a mechanical breath.
PTP area 2, from points C to D, represents the work performed by the ventilator.
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(�V), mean EAdi (�V), leak fraction (%), and dynamic
compliance (mL/cm H2O) were downloaded from the
ventilator.

Each outcome was summarized as mean � SD sepa-
rately by lung status and mode of ventilation. PTP areas
between the modes of ventilation were assessed by repeated

measurement analysis of variance models in healthy and in-
jured lung models separately. Secondary outcomes (f, leak
fraction, peak EAdi, mean EAdi mean, heart rate, PaO2

, PaCO2
,

inspiratory VT, peak inspiratory flow, and peak pressure) were
similarly assessed. Statistical significance was defined as
P � .05. All statistical analyses were performed with Stata v
14.2 (StataCorp, College Station, Texas).

Results

The 12 pigs weighed a mean (range) of 2.0 (1.8–2.4)
kg. There was a significant difference in PTP area A, area
B, and area 1 between NIV-NAVA and NIV in both lung
models, as seen in Table 1 and Figure 3. There was no
difference in PaO2

, PaCO2
, inspiratory VT, and peak inspira-

tory flow. Peak pressure was statistically higher in the
NIV-NAVA group in both healthy and injured lungs. The
EAdi peak was not different between the groups, although
it was nearly significant in the healthy lung. The median
(range) dynamic compliance was 1.9 (1.3–2.2) mL/cm H2O
for healthy lung (baseline) and 1.0 (0.7–1.4) mL/cm H2O
for the partially injured lung. There was no difference in f,
heart rate, or mean arterial blood pressure between the
groups. There was also no difference in leak fraction or
mean EAdi. These results are shown in Table 2.

Discussion

Our study demonstrated that WOB in synchronous
breaths, as measured by PTP, was significantly less for
NIV-NAVA breaths versus NIV breaths in both the healthy
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Fig. 3. Histogram of mean pressure-time product (PTP) measurements for each mode of ventilation in the healthy and injured lung
models. The height of the bar graph represents PTP area 1 (sum of area A and area B). See Figure 1 and text for details. For the healthy
lung, area A, area B, and area 1 are all significant at P � .001, noninvasive ventilation (NIV) and neurally adjusted ventilatory assist
(NAVA) vs NIV. For the injured lung: Area A, P � .002; area B, P � .11; and area 1, P � .003, NIV-NAVA vs NIV. Analysis of variance
was used for repeated measures.

Table 1. Comparisons of PTP Area A, PTP Area B, and PTP Area
1 Between Modes of Ventilation (NIV and NIV-NAVA)
by Lung Status

Lung NIV-NAVA NIV P*

Healthy
PTP area A† 0.035 � 0.027 0.059 � 0.014 �.001
PTP area B‡ 0.025 � 0.020 0.041 � 0.018 �.001
PTP area 1§ 0.061 � 0.044 0.100 � 0.028 �.001

Injured
PTP area A 0.045 � 0.026 0.069 � 0.031 �.002
PTP area B 0.031 � 0.022 0.040 � 0.024 .11
PTP area 1 0.076 � 0.042 0.109 � 0.044 �.003

Data are presented as mean � SD.
* Repeated measures analysis of variance.
† Subject’s work to trigger mechanical breath.
‡ Subject and ventilator work of breathing.
§ Area A plus Area B, the amount of effort expended to activate a mechanical breath.
PTP � pressure-time product
PTP area A � area of the pressure curve (integration of pressure with respect to time) from
initiation of a breath (zero flow) to the beginning of ventilator pressurization (most negative
deflection of pressure)
PTP area B � area of the pressure curve from the beginning of ventilator pressurization (most
negative deflection of pressure) to return to baseline pressure
PTP area 1 � area A and area B combined
NIV � noninvasive ventilation
NAVA � neurally adjusted ventilatory assist
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and injured lung. WOB, in general terms, represents an
assessment of the afterload on the respiratory muscles or
opposition to their contraction.25 One common way of
measuring WOB uses an esophageal balloon to measure
esophageal pressure. This method of measuring WOB re-
lies on pressure and volume changes but cannot accurately
measure WOB when there is ineffective respiratory effort.
PTP more closely approximates energy expenditure of the
respiratory muscles.26 PTP estimates the metabolic cost of
breathing and quantifies inspiratory effort.27-29 PTP eval-
uates energy expenditure during both isometric and non-
isometric contraction.27,29 PTP is calculated by integrating
pressure and time for the duration of contraction of the
respiratory muscles.

Lee et al14 showed that NIV-NAVA improved patient-
ventilator synchrony and diaphragmatic unloading in pre-
term infants in comparison with NIV, despite large air
leaks. Chen et al30 demonstrated that NIV-NAVA improves

patient-ventilator synchrony and reduces diaphragmatic
muscle load and WOB in preterm infants in comparison
with NIV.30 Beck et al16 summarized 15 studies in pedi-
atric subjects and demonstrated improved patient-ventila-
tor interaction with NAVA, whether invasive or noninva-
sive, compared with conventional modes. To our
knowledge, our study was the first to show that the WOB
with the synchronous breaths of NIV-NAVA was less than
that of synchronous breaths that may occur with NIV.

These findings were likely explained because EAdi sig-
nal allows more or less support with each breath, depend-
ing on patient demand. For NIV, support is not patient
driven; breaths are set by the operator with regard to tim-
ing and pressure, and are consistent with each breath. Thus,
the operator makes a “best guess” as to the support re-
quired by the patient. With NIV, increased patient demand
results in more flow delivery but not more pressure. With
NIV-NAVA, the patient can demand and receive higher
pressures, and also has the option to take sigh breaths with
variable inspiratory times, which allow better lung recruit-
ment. These factors likely decrease WOB in synchronized
NIV-NAVA breaths compared with NIV breaths, even if
the NIV breaths are synchronized with the baby’s breath-
ing pattern. An elevated EAdi signal represents patient
demand for increased respiratory support.

Lee et al showed a decrease in peak pressure with NIV-
NAVA compared with non-invasive pressure support.14 In
our study, we found peak pressure to be statistically higher
in the NIV-NAVA group; however, the difference was
very small and likely not clinically important. In addition,
there were no decreases in f, heart rate, or mean arterial
blood pressure, whereas significant differences in the WOB
were found. Our study time period may have been too
short to detect decreases in peak pressure that may have
occurred over time, or changes in f, heart rate, or mean
arterial blood pressure. WOB is difficult to assess during
NIV. Use of esophageal balloons and calibrated pneu-
motachography is cumbersome and time consuming. PTP
is an estimate of the WOB but is not possible if interaction
with the ventilator does not occur. In our study, it was very
important to note that WOB was not analyzed in asyn-
chronous breaths. Thus, overall WOB may vary and must
be evaluated by other means. Clearly, it is important to
know that the synchronized breaths that occur with NIV-
NAVA result in decreased WOB compared with NIV un-
der the best of circumstances (synchrony).

Study Limitations

This was an animal model study performed in a con-
trolled laboratory environment and, as such, may not di-
rectly translate to the neonatal population and ICUs. Also,
as noted, we did not analyze the WOB in asynchronous
breaths. If patients have long stretches of backup ventila-

Table 2. Secondary Outcome Measures

Lung NIV-NAVA NIV P*

Healthy
Frequency,

breaths/min
66 � 10 60 � 12 .18

Leak fraction % 24 � 15 24 � 19 .98
Peak EAdi, �V 5.5 � 2.2 6.8 � 3.3 .049
Mean EAdi, �V 0.7 � 0.3 0.7 � 0.4 .62
Heart rate, beats/min 133 � 30 135 � 31 .75
Mean arterial blood

pressure, mm Hg
85 � 11 86 � 9 .71

PaO2
, mm Hg 459 � 68 427 � 59 .21

PaCO2
, mm Hg 40 � 5 42 � 6 .23

Inspiratory VT, mL 23 � 6 23 � 5 .66
Peak inspiratory flow, mL/s 118 � 32 112 � 25 .66
Peak pressure, cm H2O 9 � 2 8 � 1 .044

Injured
Frequency,

breaths/min
72 � 17 74 � 14 .60

Leak fraction % 19 � 20 22 � 18 .29
Peak EAdi, �V 7.4 � 3.5 8.2 � 3.5 .27
Mean EAdi, �V 1.3 � 1.3 1.1 � 0.9 .42
Heart rate, beats/min 168 � 58 166 � 47 .83
Mean arterial blood

pressure, mm Hg
79 � 10 85 � 8 .07

PaO2
, mm Hg 331 � 158 289 � 167 .28

PaCO2
, mm Hg 46 � 7 47 � 8 .65

Inspiratory VT, mL 23 � 9 20 � 5 .08
Peak inspiratory flow, mL/s 138 � 50 132 � 41 .48
Peak pressure, cm H2O 13 � 4 12 � 2 .03

Data are presented as mean � SD.
* Repeated measures analysis of variance.
NIV � noninvasive ventilation
NAVA � neurally adjusted ventilatory assist
EAdi � electrical activity of the diaphragm
VT � tidal volume
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tion during NIV-NAVA, which accompanied increases in
asynchronous breathing, could result in increased WOB
even if NIV-NAVA is the set mode. Piglets needed to be
lightly sedated to perform the study; sedation may have
influenced the results, although using each piglet as its
own control should have provided consistency.

Conclusions

In the piglet model, synchronous breaths delivered with
NIV-NAVA resulted in decreased WOB in both healthy
and surfactant depleted lungs when compared with syn-
chronous breaths during NIV. Further trials of NIV-NAVA
in neonates are warranted.
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