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Abstract
We assessed the feasibility and the impact of NAVA compared to conventional modes of mechanical ventilation in ventilatory 
and gas exchange parameters in post-operative children with congenital heart disease. Infants and children (age < 18 years) 
that underwent congenital heart surgery were enrolled. Patients were ventilated with conventional synchronized intermit-
tent mechanical ventilation (SIMV) and subsequently transitioned to NAVA during their cardiovascular intensive care unit 
(CVICU) stay. The ventilatory and gas exchange parameters for the 24 h pre- and post-transition to NAVA were compared. 
Additional parameters assessed included pain scores and sedation requirements. Eighty-one patients met inclusion criteria 
with a median age of 21 days (interquartile range 13 days–2 months). The majority of patients enrolled (75.3%) had complex 
congenital heart disease with high surgical severity scores. The transition to NAVA was tolerated by all patients without 
complications. The mean peak inspiratory pressure (PIP) was 1.8 cm H2O lower (p < 0.001) and mean airway pressure (Paw) 
was 0.5 cm H2O lower (p = 0.009) on NAVA compared to conventional modes of mechanical ventilation. There was no sig-
nificant difference in patients’ respiratory rate, tidal volume, arterial pH, pCO2, and lactate levels between the two modes of 
ventilation. There was a decreased sedation requirement during the time of NAVA ventilation. Comfort scores did not differ 
significantly with ventilator mode change. We concluded that NAVA is safe and well-tolerated mode of mechanical ventila-
tion for our cohort of patients after congenital heart surgery. Compared to conventional ventilation there was a statistically 
significant decrease in PIP and Paw on NAVA.
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Introduction

Selection of a mode of mechanical ventilation that improves 
cardiopulmonary interaction and patient-ventilator syn-
chrony is important in patients with congenital heart disease, 
especially in children undergoing congenital heart surgery. 
Positive pressure ventilation for the most part has adverse 
effects on the right heart. Therefore, ventilatory strategies 
that reduce hemodynamic load on the right ventricle includ-
ing short inspiratory time, low positive end expiratory pres-
sure (PEEP), and reduced peak inspiratory pressure (PIP) are 

valuable. The opposite can be said with left sided obstructive 
lesions where PEEP can be beneficial [1].

NAVA is a mode of mechanical ventilatory support that 
permits synchronized spontaneous respiratory effort with 
mechanical ventilation augmentation triggered by detection 
of an electrical signal from the diaphragm. NAVA works by 
transforming the neural drive into a ventilator output [2]. 
The ventilator-assisted breath is modulated by changes in 
the electrical activity of the diaphragm referred to as the 
Edi. The Edi is detected by electrodes inserted within the 
NAVA catheter, a specialized feeding tube, positioned in the 
esophagus at the level of the crural diaphragm [3].

Feasibility and safety studies involving the use of NAVA 
in neonates, infants and children have been performed within 
a variety of different clinical indications, including infants 
recovering from severe acute respiratory distress syndrome 
[4], neonates weighing less than 1500 g [5, 6], and infants 
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with bronchiolitis [7]. However, experience with NAVA is 
limited in children following congenital heart surgery. The 
reported clinical trials including this patient population have 
been small [8–11]. Previous studies have demonstrated that 
when changing from conventional ventilation to NAVA, the 
PIP has been shown to decrease but no significant change 
has been previously observed in mean airway pressure (Paw) 
[5, 6, 10]. NAVA was introduced to our CVICU in 2011 
with increased utilization over time. This is a retrospective 
review of our institutional experience using NAVA mode 
of ventilation in infants and children following congenital 
heart surgery. We sought to assess the feasibility and impact 
of NAVA compared to conventional modes of mechanical 
ventilation in ventilatory and gas exchange parameters in 
post-operative children with congenital heart disease.

Materials and Methods

We conducted a retrospective review of infants and children 
with CHD that underwent heart surgery at our institution 
during a 5-year period (January 2011 to March 2016). This 
study was approved by the Advocate Health Care Institu-
tional Review Board. Due to the retrospective study design, 
informed consent was waived. Subjects were identified from 
our institutional surgical database. Eligible patients were 
infants and children that underwent congenital heart surgery 
and remained intubated in the post-operative period sup-
ported on the Servo-i ventilator (Maquet, Sweden). Patients 
were excluded if on multiple modes of conventional ventila-
tion in the 24 h prior to transition to NAVA; on NAVA ven-
tilation < 24 h; no transition to NAVA; or no arterial access.

Demographic characteristics and data from variables of 
interest were collected from the electronic medical record. 
The Society of Thoracic Surgeons-European Association for 
Cardio-Thoracic Surgery (STAT) score, a validated surgical 
complexity stratification tool developed to categorize the 
operative mortality risk associated with congenital heart 
surgeries was utilized for characterization of surgical sever-
ity. STAT score category 5 corresponds with the highest risk 
surgical substrate. The following data were collected from 
the 24  h period pre- and post-transition to NAVA: all 
recorded ventilatory parameters (PIP, Paw, respiratory rate 
[RR], and tidal volume [TV]), arterial blood gas results (pH, 
pCO2, and lactate), sedation medications and pain scores as 
measured with the Face, Legs, Activity, Cry, and Consola-
bility (FLACC) scale. These variables were recorded at 
varying time intervals (e.g., every 2–3 h) during the 48-h 
study period. A mean score for each variable was calculated 
for each patient and used for analysis. Sedative and analgesic 
medication doses (fentanyl, midazolam, dexmedetomidine) 
were normalized such that different types of sedation were 
combined and compared on the same scale using the 

following normalization formula: x
norm

=

x−x
min

x
max

−x
min

 [12]. 
Complications after transition to NAVA (e.g., trauma associ-
ated with NAVA catheter insertion, clinical worsening of 
respiratory and/or hemodynamic status) were assessed and 
recorded. Oxygen saturations and arterial partial pressure of 
oxygen (paO2) were not assessed in this study as the patient 
population had varying physiologic states and mixed cardiac 
lesions (i.e., patients with single versus biventricular 
physiology).

Summary of scalar measures were expressed by descrip-
tive statistics (means with standard deviations, or medians 
with interquartile ranges) as appropriate for the data distri-
butions. Categorical variables were summarized as frequen-
cies and proportions. Comparison of pre- and post-NAVA 
parameters utilized 2-tailed paired t tests. A p value of 
< 0.05 was considered statistically significant.

Results

A total of 130 patients for possible study inclusion were 
reviewed. Of these, 81 patients met inclusion criteria in 
that they were mechanically ventilated in the post-operative 
period for a minimum of 48 h with one day of conventional 
ventilation followed by one day of NAVA usage (excluded 
patients included those with multiple forms of ventilation 
prior to transition to NAVA, no NAVA usage, or did not have 
arterial access). Fifty (62%) patients were male, the median 
age was 21 days (interquartile range: 13 days–2 months), and 
mean weight was 3.96 kg (standard deviation ± 1.73 kg). The 
most frequent diagnosis was hypoplastic left heart syndrome 
(24, 29.3%); followed by total anomalous pulmonary venous 
connections (6, 7.3%). The distribution of patients by STAT 
score category is listed in Table 1. Most of the patients were 
in highest risk surgical substrate. There were no complica-
tions documented related to or after the transition to NAVA 
for any of the patients in this sample.

Table  2 shows the comparison of mean values for 
measured ventilatory and arterial blood gas parameters. 
While on NAVA ventilation, patients demonstrated 
a decrease in both PIP and Paw. PIP was 1.8  cm H2O 
lower (p = 0.001) on NAVA compared to conventional 

Table 1   Complexity of surgical 
interventions based on STAT 
surgical severity scores

STAT​ Society of Thoracic Sur-
geons-European Association for 
Cardio-thoracic Surgery

1 2 (2.5)
2 12 (14.8)
3 6 (7.4)
4 28 (34.6)
5 33 (40.7)
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ventilation. Paw was 0.5 cm H2O (p = 0.009) lower on 
NAVA compared to conventional ventilation. There was 
no statistical difference for patients’ respiratory rate, 
tidal volume, arterial pH, pCO2, and lactate levels from 
pre- to post- transition to NAVA. Patients were grouped 
according to specific mode of conventional ventilation 
and changes in parameters from pre- to post- transition to 
NAVA are reported in Table 3. Six patients were excluded 
from this sub-analysis since they received both modes 
of conventional ventilation (SIMV-PRVC and SIMV-PC) 
during the study period prior to the transition to NAVA. 
No statistical difference was found in mean airway pres-
sure for patients transitioning from SIMV-PRVC mode 
of ventilation to NAVA (Table 3). Patients’ lactate levels 
were lower post- transition to NAVA compared to SIMV-
PC ventilation (Table 3). None of the study patients expe-
rienced hemodynamic instability requiring a return to 
conventional ventilation.

Figure 1 compares sedation and analgesic levels pre- 
and post-transition to NAVA. All levels of sedation/anal-
gesics were normalized to the same scale. Total sedation/
analgesics represent the sum of all three sedation and 
analgesic medications. Total composite sedative/analgesic 
doses decreased significantly on NAVA ventilation (0.34 
versus 0.24; p < 0.001). Comfort scores were low during 
both modes of mechanical ventilation and did not demon-
strate a statistically significant difference with ventilator 
mode change (mean FLACC score 0.73 during conven-
tional ventilation versus 0.8 during NAVA; p = 0.5).

Discussion

This study includes a large cohort of infants and children 
with complex congenital heart disease after surgical repair 
and palliation that were successfully transitioned from 
conventional modes of mechanical ventilation to NAVA. 
To our knowledge, this represents the largest cohort of 
post-operative pediatric cardiac patients where NAVA 
mode of ventilation has been studied.

Mechanical ventilation is frequently needed in children 
following congenital heart surgery. However, in the current 
era most of the surgical patients at our institution are fast-
tracked and extubated in the operating room. The excep-
tion to this is the complex neonatal congenital heart patient 
that often needs longer mechanical ventilation time. These 
patients require not just additional ventilatory assistance but 
also comprehensive hemodynamic support including a vari-
ety of inotropes in order to maintain adequate cardiac output 
and avoid adverse cardiopulmonary interactions. Therefore, 
ventilatory strategies to optimize patient hemodynamics 
while avoiding escalation of pharmacological support are 
important [13]. In our institution, it has become standard 
practice to introduce NAVA to patients when mechanical 
ventilation is anticipated for more than a couple of days, 
if patient-ventilator asynchrony is affecting hemodynamics, 
or as a strategy to safely wean patients from mechanical 
ventilation in anticipation to transition them to non-invasive 
NAVA (NIV NAVA) at the time of extubation.

Table 2   Comparison of 
measured ventilatory parameters 
and arterial blood gases values 
between neurally adjusted 
ventilatory assist and combined 
conventional modes of 
mechanical ventilation (n = 81)

Values presented as Mean ± SD
NAVA neurally adjusted ventilatory assist, SIMV synchronized intermittent mandatory ventilation, SD 
standard deviation

Measured parameters Ventilator mode Mean ± SD p

Peak inspiratory pressure (cm H2O) Conventional 21.05 ± 3.92 0.001
NAVA 19.28 ± 4.37

Mean airway pressure (cm H2O) Conventional 10.06 ± 2.38 0.009
NAVA 9.57 ± 1.90

Respiratory rate (breath/min) Conventional 45.69 ± 9.70 0.22
NAVA 47.08 ± 10.80

Tidal volume (mL) Conventional 22.49 ± 16.65 0.678
NAVA 22.95 ± 23.94

pH Conventional 7.40 ± 0.051 0.140
NAVA 7.40 ± 0.04

pCO2 (torr) Conventional 48.15 ± 7.07 0.214
NAVA 47.47 ± 6.85

Lactate (mmol/L) Conventional 1.15 ± 0.40 0.165
NAVA 1.10 ± 0.43
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In the setting of anticipated prolonged mechanical venti-
latory support, choosing a mode of mechanical ventilation 
that will provide both optimal patient-ventilator synchrony 

and adequate gas exchange while maintaining low peak air-
way pressures is essential. Furthermore, it is important to 
consider the patient’s cardiac anatomy and the physiologic 

Table 3   Analysis of measured 
ventilatory and arterial 
blood gases parameters by 
specific mode of conventional 
mechanical ventilation versus 
neurally adjusted ventilatory 
assist (n = 50 PRVC-NAVA; 
n = 25 PC-NAVA)

Values presented as Mean ± SD
NAVA neurally adjusted ventilatory assist, SIMV synchronized intermittent mandatory ventilation, PRVC 
pressure regulated volume control, PC pressure control, SD standard deviation

Measured parameters Ventilator mode Mean ± SD p

Peak inspiratory pressure (cm H2O) SIMV-PRVC 21.41 ± 4.25 0.005
0.002NAVA 19.79 ± 4.79

SIMV-PC 20.81 ± 3.13
NAVA 18.28 ± 3.39

Mean airway pressure (cm H2O) SIMV-PRVC 10.33 ± 2.80 0.135
0.009NAVA 9.94 ± 2.01

SIMV-PC 9.74 ± 1.33
NAVA 9.01 ± 1.73

Respiratory rate (breath/min) SIMV-PRVC 45.69 ± 10.17 0.105
0.640NAVA 48.06 ± 10.83

SIMV-PC 45.66 ± 7.83
NAVA 46.63 ± 9.32

Tidal volume (mL) SIMV-PRVC 20.54 ± 10.45 0.867
0.105NAVA 20.68 ± 13.75

SIMV-PC 22.20 ± 13.43
NAVA 20.63 ± 9.66

pH SIMV-PRVC 7.39 ± 0.05 0.371
0.989NAVA 7.40 ± 0.05

SIMV-PC 7.42 ± 0.05
NAVA 7.42 ± 0.04

pCO2 (torr) SIMV-PRVC 49.15 ± 6.74 0.651
0.552NAVA 48.83 ± 6.60

SIMV-PC 46.49 ± 6.94
NAVA 46.05 ± 6.29

Lactate (mmol/L) SIMV-PRVC 1.15 ± 0.43 0.866
0.029NAVA 1.14 ± 0.47

SIMV-PC 1.11 ± 0.30
NAVA 0.96 ± 0.23

Fig. 1   Comparison of intrave-
nous sedatives and analgesics 
pre- and post-NAVA. Drug 
levels presented as mean values 
normalized to the same scale. 
Error bars representing the 
standard error of mean. *Total 
sedation/analgesia score is 
significantly lower post-NAVA 
(p < 0.001)
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effects of mechanical ventilation in the selection of ventila-
tory modes. For instance, high assist level during pressure 
support ventilation in single ventricle patients with cavo-
pulmonary connections can impact cerebral blood flow 
and subsequently pulmonary blood flow. This effect can 
be ameliorated with NAVA ventilation [11]. Passath [14] 
demonstrated the physiologic effects of PEEP titration dur-
ing NAVA in critically ill adults. One major objective with 
mechanical ventilation is always to ventilate as close to func-
tional residual capacity (FRC) as possible without under- or 
over-distention of the alveoli. NAVA may be an effective tool 
to objectively reach FRC without directly adjusting tidal vol-
umes or pressures levels as in conventional ventilation man-
agement but rather with intentional optimization of PEEP.

NAVA is a mode of mechanical ventilation in which the 
patient’s own respiratory demands determine the level of 
assistance; therefore, theoretically avoiding over or under 
assistance to the patient. Previously published studies in 
children and neonates have shown that NAVA is safe and 
feasible with reported improved patient-ventilator syn-
chrony. The NAVA catheter is easy to insert and no sig-
nificant complications have been associated with catheter 
insertion in the literature [8, 15, 16]. Likewise, in our study 
all patients tolerated transition to NAVA without reported 
complications associated with the catheter insertion or mode 
of ventilation.

Stable hemodynamics and respiratory parameters have 
been reported when switching from conventional ventila-
tion to NAVA [5]. Our results correlate with these previ-
ously reported studies where transition to NAVA was tol-
erated without hemodynamic or respiratory deterioration 
as demonstrated by relatively unchanged blood gas and 
lactate values. In studies where cardiac patients have been 
included, comparable results have been observed. Zhu et al. 
assessed hemodynamic, oxygenation and gas exchange 
effects between NAVA and positive pressure ventilation in 
21 infants after congenital heart surgery. The oxygenation 
index during NAVA ventilation was slightly improved, there 
was a decrease in PIP and no changes in hemodynamics 
were observed [11].

One of the promising advantages of NAVA is the deliv-
ery of lower peak pressures compared to other modes of 
mechanical ventilation [4, 6, 8, 10, 17, 18]. These previously 
reported studies have demonstrated that when changing from 
conventional ventilation to NAVA, the PIP decreases and 
there is a tendency towards decreased Paw [8, 16, 19]. Our 
study included a larger sample and found that both PIP and 
Paw were lower during the time of NAVA ventilation com-
pared to conventional SIMV modes of ventilation. Subgroup 
analysis found that the difference in Paw for those transition-
ing from SIMV-PRVC modes versus NAVA was no longer 
statistically significant (although there was certainly a trend 
toward improvement present). The authors acknowledge that 

this effect may be confounded by the temporal relationship 
of surgery and anticipated lung recovery over time; however, 
the study design was targeting only a small amount of time 
during the transition to NAVA (1 day) to mitigate this con-
founder. Lower PIP and Paw confers several patient benefits: 
barotraumatic lung injury is minimized and direct impact on 
cardiovascular hemodynamics can be lessened.

As the trigger for NAVA is driven from the respiratory 
center in the brain, patient-ventilator synchrony is almost 
always present. Conventional ventilation historically has uti-
lized a time trigger, pressure trigger, or most commonly a 
flow trigger, all with an inherent time-delay in breath initia-
tion as compared to NAVA. This synchrony between patient 
and ventilator helps minimize patient discomfort and agita-
tion, as previously reported by Piastra [4] and de la Oliva 
and Piastra [20]. Sedation requirements are decreased when 
NAVA is implemented. Lee et al. retrospectively compared 
NAVA to conventional ventilation in 14 chronically venti-
lated, trach-dependent, premature infants with bronchopul-
monary dysplasia [21]. The sedation requirements, as well as 
the cyanotic events, were lower in the NAVA group. In our 
study, we found that during the time of NAVA ventilation, 
sedation requirements were significantly lower compared to 
SIMV modes of ventilation. The level of comfort did not 
differ between groups despite lower sedative medications 
used during NAVA period.

In our practice, NAVA has been found to be a very useful 
mode of ventilation for chronically ventilated patients with 
poor lung compliance. We theorize that by using NAVA we 
achieve better patient-ventilator synchrony and avoid the dis-
use atrophy of the diaphragm that is described in critically 
ill patients. Disuse atrophy of diaphragm fibers has been 
demonstrated in multiple studies when there is complete dia-
phragm inactivity due to prolonged mechanical ventilation 
with over-assistance (> 18 h) due to diaphragmatic proteoly-
sis during inactivity [22, 23]. On several occasions, children 
have been transitioned from SIMV-PRVC with PIP levels in 
the 30–40 cm H2O range to NAVA with PIP levels decreas-
ing immediately to < 20 cm H2O with marked improvement 
in gas exchange and more importantly in patient comfort. 
Thus, patient-ventilator synchrony can have significant 
implications on the care of these complex patients.

An additional advantage of NAVA in our program has 
been its utilization to prepare complex patients for a smooth 
and seamless extubation to NIV NAVA using a binasal prong 
interface. Wolf et al. reported their experience evaluating 
NAVA Edi during extubation readiness correlating neuro-
muscular drive to successful extubations [24]. At our insti-
tution patients meet extubation criteria when the pressure 
support provided by NAVA is consistently less than 10 cm 
H2O with stable hemodynamics. The interface is put in 
place prior to extubation and NIV NAVA support is initiated 
before tube removal while patient is being bag ventilated. It 
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appears that the ongoing patient-ventilator synchrony pro-
vided by NIV NAVA may help reduce work of breathing and 
perhaps even reduce reintubation rates. This hypothesis will 
need to be evaluated in future studies.

This study was limited by its retrospective nature and 
the inherent flaws with this design. There is lack of rand-
omization in the order of the mechanical ventilation change 
(NAVA always followed conventional ventilation) and 
perhaps the confounding variable of time between the two 
modes of ventilation. Due to this, we were unable to perform 
a matched comparison. We attempted to minimize confound-
ing variables with temporal relationships after surgery by 
limiting the evaluation to a 24 h period before and after 
NAVA initiation only. The analyzed respiratory parameters 
were from data points recorded every 2–3 h by respiratory 
therapists and not from continuous recordings. Future stud-
ies are warranted to prospectively evaluate the differences 
noted in this study with matched controls.

Conclusions

NAVA was found to be safe and well-tolerated in our cohort 
of patients following congenital heart surgery. NAVA pro-
vided adequate gas exchange while providing decreased PIP 
and Paw compared to conventional modes of ventilation. 
Patients during NAVA ventilation consistently required less 
sedative medications with relative comfort scores unchanged 
between the two modes of ventilation perhaps due to 
improved synchronization. In addition, anecdotally, utiliza-
tion of this technology can help prepare complex patients for 
safe and smooth extubations to NIV NAVA.
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