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Objectives
The 1952 polio epidemic triggered the construction 
of a new reliable ventilator for positive pressure ven-
tilation [Bang, 1953]. The Engström ventilator from 
1950, the ventilator predecessor to Servo 900, Servo 
300 and Servo-i was introduced for this purpose 
[Engstrom, 1954]. Introducing this treatment into 

standard clinical practice required the development 
of special intensive care units (ICUs) which in the 
1960s increased in numbers and contributed to 
impressive reductions in mortality. When ventilatory 
care became more widespread questions arose on 
how the patients should be weaned from the ventila-
tory support.
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Abstract
Objectives: Asynchrony between patient and ventilator breaths is associated with increased 
duration of mechanical ventilation (MV). Neurally Adjusted Ventilatory Assist (NAVA) controls 
MV through an esophageal reading of diaphragm electrical activity via a nasogastric tube 
mounted with electrode rings. NAVA has been shown to decrease asynchrony in comparison 
to pressure support ventilation (PSV). The objective of this study was to conduct a health 
economic evaluation of NAVA compared with PSV.
Methods: We developed a model based on an indirect link between improved synchrony with 
NAVA versus PSV and fewer days spent on MV in synchronous patients. Unit costs for MV were 
obtained from the Swedish intensive care unit register, and used in the model along with 
NAVA-specific costs. The importance of each parameter (proportion of asynchronous patients, 
costs, and average MV duration) for the overall results was evaluated through sensitivity 
analyses.
Results: Base case results showed that 21% of patients ventilated with NAVA were 
asynchronous versus 52% of patients receiving PSV. This equals an absolute difference of 31% 
and an average of 1.7 days less on MV and a total cost saving of US$7886 (including NAVA 
catheter costs). A breakeven analysis suggested that NAVA was cost effective compared with 
PSV given an absolute difference in the proportion of asynchronous patients greater than 2.5% 
(49.5% versus 52% asynchronous patients with NAVA and PSV, respectively). The base case 
results were stable to changes in parameters, such as difference in asynchrony, duration of 
ventilation and daily intensive care unit costs.
Conclusion: This study showed economically favorable results for NAVA versus PSV. Our 
results show that only a minor decrease in the proportion of asynchronous patients with NAVA 
is needed for investments to pay off and generate savings. Future studies need to confirm this 
result by directly relating improved synchrony to the number of days on MV.
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With the introduction of spontaneous breaths 
added to the mandatory breaths and these breaths 
being either assisted or unassisted, the delicate 
patient–ventilator interaction was introduced as 
an important issue. The ventilator can be classified 
as a pressure, volume or flow controller and the 
individual breath is shaped by phase variables that 
determine how the breath is triggered (started), 
limited (sustained) and cycled (stopped) and is 
either mandatory or spontaneous. Information 
from all these entities is needed to describe all the 
different modes of ventilation which currently are 
available from different manufacturers [Sassoon 
et al. 1989].

The perfect trigger should be in synchrony with 
the electrical impulses from the brain to the breath-
ing muscles to increase synchrony between ventila-
tor and patient. Today all ventilators can trigger 
from the pressure and or flow signal measured 
within the patient circuit. A number of factors 
affect the time delay during pressure triggering as 
described by Sassoon [Sassoon et  al. 1989]. The 
inspiratory phase ends when a set time, pressure, 
flow or set delivered volume is reached.

Asynchrony between patient and machine 
breaths is very common, especially in patients 
with high intrinsic respiratory rates, low drive or 
muscle weakness, or in patients with airway 
obstruction [Parthasarathy et al. 1998; Sassoon 
and Foster, 2001; Tobin et al. 2001]. Asynchrony 
is caused by either missed breaths due to ineffec-
tive efforts (IEEs) or triggering delays due to set 
sensitivity and ventilator response time. The 
neural inspiratory time may be shorter or longer 
than the inflation time of the ventilator. If set 
volume is reached before the end of neural 
inspiratory time the patient continues to make 
an inspiratory effort which can lead to double 
triggering. Autotriggering is a problem which 
can be due to water and debris accumulating on 
the flow-measuring device. All flow triggering 
also has the potential problem that leakage is 
recognized as a patient effort which is especially 
common during neonatal and pediatric ventila-
tion with uncuffed tubes. Delayed off cycling can 
be due to reduced expiratory flow (e.g. slow time 
constant as in chronic obstructive pulmonary 
disease) when mechanical inflation persists into 
the neural expiration. In summary, there are four 
different types of asynchrony:

(1)	 missed breaths: due to IEEs or triggering 
delays which are caused by settings in the 

ventilator or strength in the activity of the 
patient to trigger a breath;

(2)	 double triggering: if set volume or time is 
reached before end of neural inspiratory 
time the patients still inhales, which leads 
to a new cycle staggered on the first;

(3)	 autotriggering: is a problem due to water 
and debris or leakage which is mistakenly 
recognized as a patient effort;

(4)	 delayed off cycling: can be due to reduced 
expiratory flow which prolongs the 
mechanical inflation into the neural expi-
rations phase.

Asynchrony has been studied and shown to be 
associated with increased length of stay on the 
ventilator if the percentage of asynchrony is high 
[asynchrony index (AI) > 10%] and could pro-
long the stay in the ICU by 4–8 days and hospital 
length of stay (HLOS) by 8–21 days [Chao et al. 
1997; de Wit et al. 2009; Thille et al. 2006]. The 
capability of different systems to evaluate asyn-
chrony has been described in two recent articles. 
Colombo and colleagues reported that the ability 
to properly recognize patient–ventilator asynchro-
nies by visual inspection of flow and pressure 
tracings was low; ICU staff physicians were able 
to identify just one-third of asynchronies and resi-
dents 16%. In a computerized system (Better 
Care, Barcelona, Spain) Blanch and colleagues 
showed sensitivity values of 65% to identify IEEs 
[Blanch et al. 2012; Colombo et al. 2011].

In 1999 a new ventilatory mode Neurally Adjusted 
Ventilatory Assist (NAVA, Solna, Sweden) was pre-
sented by Sinderby [Sinderby et  al. 1999]. This 
mode uses the neural excitation of the diaphragm 
to estimate the respiratory center output. During 
NAVA an electromyogram of the diaphragm is 
sensed by electrodes mounted on a regular nasogas-
tric tube. The esophageal/gastric reading of the dia-
phragm electrical activity (Edi) is shown on the 
ventilator screen as a curve and is used to control a 
mechanical ventilator. The signal from the brain is 
used to trigger and off cycle the ventilator breaths 
and provide pressure support proportional to the 
Edi signal and is totally independent of leaks. The 
assist (NAVA level) is set by the user and support is 
proportional to the Edi signal with the goal to have 
a balanced offloading of the patient effort. The goal 
is to offload and sedate but still have the Edi signal 
active and avoid disuse atrophy in the diaphragm. 
The steps to transform central respiratory drive 
into an inspiration are explained in an adapted fig-
ure from the original article (see Figure 1).
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This new mode, NAVA, was implemented into 
the Servo-i ventilator (Maquet Critical Care AB, 
Solna, Sweden) in 2007 and in 2010 as noninva-
sive NAVA (NIV NAVA). In these modes the 
triggering will be according to Edi or to the set 
pneumatic trigger (pressure or flow) on a first 
come first serve basis. The off cycling is when the 
Edi has peaked and decreased to 70% of the 
peak value.

NAVA versus other means of mechanical ventila-
tion (MV) has been researched in several com-
parative studies, in which a clear emphasis has 
been put on physiological outcomes, such as 
patient–ventilator asynchrony, tidal volumes, peak 
airway pressure and respiratory rates. NAVA has 
primarily been compared with pressure support 
ventilation (PSV), which is the most commonly 
used support mode of ventilation. Based on the 
physiological outcomes measured, the most com-
mon study design has been within patient crosso-
ver, when outcomes have been measured for 
patients, during the course of sequential switch-
ing between different ventilation modes (e.g. PSV 
followed by NAVA, followed by PSV).

In adults, NAVA has been shown to give similarly 
low average tidal volumes compared with PSV 
[Colombo et al. 2008; Spahija et al. 2010; Terzi 
et al. 2010]. A difference has been demonstrated 

only for high assist levels, when NAVA tidal vol-
umes plateau, based on a negative feedback loop, 
and lower tidal volumes are observed for NAVA 
compared with PSV [Colombo et  al. 2008; 
Spahija et al. 2010; Terzi et al. 2010]. However, 
NAVA is never fixed on tidal volumes and the 
breathing pattern represents a more chaotic/natu-
ral breathing when an average tidal volume can 
still represent a large spread of values.

In line with the expectations of its fundamental 
principle, NAVA has in over 10 clinical studies 
been shown to decrease (and in several studies 
almost eradicate) patient–ventilator asynchrony, 
in comparison to other modes of ventilation 
[Alander et al. 2012; Beck et al. 2009; Bengtsson 
and Edberg, 2010; Breatnach et  al. 2010; 
Cammarota et  al. 2011; Clement et  al. 2011; 
Colombo et  al. 2008; de la Oliva et  al. 2012; 
Moerer et al. 2008; Piquilloud et al. 2011; Spahija 
et  al. 2010; Terzi et  al. 2010]. Based on these 
results, the relationship between NAVA and 
improved synchrony is well established. Moreover, 
asynchrony has been shown to be associated with 
increased duration of MV [de Wit et  al. 2009; 
Thille et al. 2006]. However, there is limited com-
parative clinical trial evidence demonstrating a 
reduction in MV time with NAVA. To date there 
is no trial evidence in adult populations, with the 
exception of an abstract from King’s College in 
London, which refers to an increase in ventilator-
free days in survivors when using Edi monitoring. 
The median ventilated days were significantly 
reduced from 9 (3–82) in the NAVA/Edi monitor-
ing group compared with 12 (3–91) in the no 
NAVA group [Hadfield et al. 2013]. In the pediat-
ric setting, Kallio and colleagues showed in a 
recent randomized controlled study, in a per pro-
tocol analysis, that the stay in the pediatric ICU 
was significantly shorter in the NAVA group com-
pared with conventional MV [Kallio et al. 2015].

The adoption of a new technology in the health-
care sector is not only dependent on the clinical 
benefit it provides to patients. Healthcare payers 
and reimbursement bodies are becoming more 
and more interested in understanding whether a 
new health technology could reduce overall 
healthcare costs, which would balance the extra 
cost imposed by the new treatment. In situations 
like this, health economic models are often used 
to synthesize indirect evidence chains to evaluate 
the economic value of a health technology based 
on a number of assumptions [Hjelmgren et  al. 
2001]. The cost effectiveness or value for money 

Figure 1.  Principle of Neurally Adjusted 
Ventilator Assist (NAVA) in relation to ventilation 
physiology. Steps necessary to transform 
central respiratory drive into an inspiration with 
NAVA (neuroventilatory coupling, left), and with 
conventional pressure/flow triggering (pneumatic 
coupling, right).
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of NAVA could be expressed as an assumed 
reduction in the number of days spent on MV as 
a result of improved patient–ventilator synchrony. 
The purpose of this study was to develop such a 
health economic model based on the published 
literature, which attempted to answer the over-
arching question: what is the potential cost saving 
of decreasing asynchrony through NAVA? In the 
model we used for this analysis we aimed to estab-
lish an indirect link between improved synchrony 
with NAVA [Cammarota et  al. 2011; Colombo 
et al. 2008; de la Oliva et al. 2012; Moerer et al. 
2008; Piquilloud et al. 2011; Spahija et al. 2010; 
Terzi et al. 2010] and fewer days spent on MV in 
synchronous patients [de Wit et  al. 2009; Thille 
et al. 2006].

Methods

The outline of the economic model
We developed a model with two decision nodes, 
where the first node represents: ‘treat with NAVA’ 
or ‘treat with PSV’, and for the second node, each 
arm of ventilated patients has a probability of hav-
ing an AI less than 10% (Psync) or an AI of at least 
10% (1 – Psync) (see Figure 2). In the model, each 
state of synchrony/asynchrony is associated with a 
specified duration of MV (in days) and a corre-
sponding cost (daily ICU cost). Further, NAVA 
incremental costs are implemented in the model 
and the effect of each model parameter on the 
overall results are evaluated through sensitivity 
analyses.

Data used in the economic model
An overview of the data used in the economic 
model base case is presented in Table 1. The fol-
lowing sections describe the methods used to 
arrive at these data.

Difference in asynchrony between NAVA and 
PSV.  Based on the nodes of the decision tree 
model, a cutoff for defining patient–ventilator 
asynchrony had to be implemented, and this was 
set to an AI of 10%, based on the studies by de Wit 
and Thille and colleagues [de Wit et  al. 2009; 
Thille et al. 2006]. Through using the AI 10% cut-
off, patients could be stratified and an associated 
duration of MV (see below) could be assigned.

We evaluated the published literature on NAVA 
versus PSV comparisons by building a search 
strategy for Medline, to identify which studies 

used the AI as an outcome, and identified seven 
studies (see Table 2). The literature review and 
evaluation were categorized by clinical/physiolog-
ical search terms (sedation, sleep, synchrony/
asynchrony, spontaneous breathing, diagram 
atrophy); mode of MV (any MV, PSV, NAVA); 
and long-term health outcomes (cost, days in 
ICU, days on ventilator, ventilator-induced lung 
injury). Medical subject heading terms were used 
in the literature search, when available. When a 
search generated over 40 hits, the search terms 
were used in combination so that a manageable 
number of articles were retrieved for abstract rel-
evance screening. Articles were required to be 
written in English to be considered for further 
evaluation. The search was originally performed 
in 2010 and later updated during 2011. The result 
included studies with adult, but also few with 
pediatric patients, and both invasive and noninva-
sive (helmet) NAVA. The largest study consti-
tuted a within-patient crossover design in which 
invasive NAVA was compared with PSV in 22 
adult ICU patients [Piquilloud et al. 2011]. This 
study provided the observed median and 25th 
and 75th percentiles of the AI for NAVA 4.5 (2.6–
9.9) and PSV 12.4 (4.8–26.4), respectively, and 
from there the proportion of patients with AI at 
least 10% had to be inferred. This was done by 
fitting two exponential functions to the published 
data, one for PSV and NAVA, respectively. These 
functions were used to identify the percentile at 
which AI equaled 10% for each alternative. The 
corresponding proportion of asynchronous 
patients (AI ⩾ 10%) was 21% for NAVA and 
52% for PSV. This difference in asynchrony of 
NAVA versus PSV was used as the base case. It 
should be noted that the study by Piquilloud and 
colleagues is based on data from Switzerland; to 
our knowledge there is no published literature 
using Swedish data. However, Swedish data pre-
sented in oral presentations indicate that the data 
reported by Piquilloud are also representative of 
Swedish clinical practice.

Further, few of the other studies reported the pro-
portion of patients with AI at least 10% and 
therefore this often had to be inferred. Where 
medians and percentiles were reported, the pro-
portion of patients with AI at least 10% was 
inferred in the same way as described above, while 
a normal distribution was assumed when mean ± 
standard deviation (SD) had been reported, and 
the normal distribution was used to work out the 
proportion of patients with AI ⩾ 10%, by using 
the reported mean and SD (see Table 2).
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Based on the corresponding estimated difference 
between NAVA and PSV, sensitivity analyses were 
performed. For two studies, several different ven-
tilation modes had been explored during the 
course of the trial, and here sensitivity analyses 
were performed for the weighted average of all 

comparative results [Moerer et  al. 2008; Terzi 
et al. 2010].

In summary, the various differences in asyn-
chrony between NAVA and PSV in all identified 
studies were used as the reference points in the 

Figure 2.  Two-node decision tree model. (a) Describes the two nodes of the decision model: (1) treat with 
Neurally Adjusted Ventilator Assist (NAVA) or pressure support ventilation (PSV), and (2) patient is synchronous 
or asynchronous. (b) Described the adjustable model input parameters (shown in orange) and the model output 
parameters (shown in blue). In addition to adjusting the proportion of patients with asynchrony index of at least 
10% and costs, the duration of mechanical ventilation (MV) for synchronous and asynchronous patients can be 
adjusted from the default, originating from the de Wit et al. (2009) study. ICU, intensive care unit.
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sensitivity analyses to estimate their effect on the 
overall results.

Duration of MV. We used the latest publication 
describing the association between patient–venti-
lator asynchrony and duration of MV to extract 
an estimate of the number of days on MV for 
asynchronous (AI ⩾ 10%) and synchronous 
patients (AI < 10%), respectively [de Wit et  al. 
2009]. This study did not provide mean days on 
MV, but these were estimated based on plotting 
the information provided in Figure 3 of the publi-
cation into an Excel sheet. The estimated weighted 
average was calculated and this corresponded to 
4.6 days for synchronic patients and 10.3 days for 
asynchronous patients. However, to make the 
model flexible for adjusting the duration on MV, 
we needed a manageable distribution of days on 
MV, not just average values. The Poisson distribu-
tion is a discrete probability distribution that only 
returns whole numbers and was used to generate 
two random number distributions based on λ = 5 
(mean value 5 days) and λ = 10 (mean value 10 
days) for synchronous and asynchronous patients, 
respectively. These distributions were used to esti-
mate the average days on MV in the base case 

analysis based on the difference in asynchrony 
results from the study by Piquilloud and col-
leagues (assuming half of the patients were on 
NAVA and half of the patients were on PSV), 
which corresponded to 7.1 days [Piquilloud et al. 
2011].

The average duration of MV can differ between 
countries, hospitals, ICUs and over time. We 
therefore searched the Swedish Intensive Care 
Unit Register (www.icuregswe.org/) for updated 
and comprehensive statistics for the Swedish set-
ting. Based on the 2010 report, the average dura-
tion of MV was 88.5, corresponding to 3.7 days. 
This weighted average duration and a hypotheti-
cal duration of 1.45 days were used as lower 
bounds for the sensitivity analysis.

Costs
NAVA catheter costs. The unit cost for one cathe-
ter was assumed to be US$351 (SEK 2500), 
which was used for the base case analysis. Fur-
ther, costs of US$700 (SEK 5000), US$1050 
(SEK 7500) and US$1400 (SEK 10,000) were 
evaluated in the sensitivity analysis to explore the 

Table 1.  Base case parameters.

Parameter Base case

Proportion of patients with AI ⩾10% NAVA: 21%PSV: 52%Difference: 31%
Days on mechanical ventilation Synchronous patients: 5 daysAsynchronous 

patients:* 10 daysBase case population:**a 7.1 days
Cost per day on mechanical ventilation Lund: US$5007
Cost per NAVA catheter US$351
Average number of catheters per patient Catheter switch every fifth day: 1.76

*With AI ⩾10%. **Assuming 50% of patients on NAVA and 50% on PSV.
AI, asynchrony index; NAVA, Neurally Adjusted Ventilator Assist; PSV, pressure support ventilation.

Table 2.  Identified studies comparing NAVA with PSV.

Base case NAVA AI ⩾ 10% PSV AI ⩾ 10% Incremental difference

Piquilloud et al. [2010] 21% 52% 31%
Sensitivity  
Terzi et al. CCM [2010] 0% 32% 32%
Colombo et al. [2008] 0% 36% 36%
De la Oliva et al. [2012] 0% 44% 44%
Moerer et al. ICM [2008] 9% 68% 59%
Spahija et al. CCM [2010] 7% 78% 71%
Cammarota et al. [2011] 0% 75% 75%

AI, asynchrony index; CCM, Critical Care Medicine; ICM, Intensive Care Medicine; NAVA, Neurally Adjusted Ventilator As-
sist; PSV, pressure support ventilation.

www.icuregswe.org/
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effect of catheter cost on the overall cost effective-
ness of NAVA.

Frequency of NAVA catheter switching.  According 
to the user instructions, a NAVA catheter should 
be exchanged every fifth day. We used the weighted 
average of the two Poisson distributions (described 
above) to create a distribution of the number of 
exchanges per patient. Assuming an exchange 
every fifth day, the average number of switches per 
patient amounted to 1.76 (see Figure 3). Thus the 
total cost for NAVA catheters used was US$615 
per patient (US$351 × 1.76), which corresponded 
to the base case. However, given that catheters can 
be displaced (which requires more frequent 
switching), in the sensitivity analyses, the effect on 
the NAVA cost effectiveness of switching every day 
and every third day was also explored.

Other NAVA-specific costs and savings. The incre-
mental cost of NAVA over PSV is dependent on 
the cost of catheters, as discussed above, and the 
potential impact of NAVA on sedation, the cost 
for buying the NAVA module or renting NAVA 
ventilators (capital costs), and potential differ-
ences in the need to monitor patients on NAVA 

versus PSV. The developed decision tree model 
contains functionality for evaluating the effect of 
these costs on the overall results; however, none of 
these potential NAVA-specific costs and savings 
were included in the base case of the model. No 
references were identified that described a differ-
ence in sedation (potential NAVA cost savings) or 
monitoring need between NAVA and PSV. The 
capital cost per NAVA use is very small [approxi-
mately US$56; Edi module and software approxi-
mately US$14,000, assuming a 10-year lifespan 
and 25 patients per year (US$14,000/10 years/25 
patients); Maquet Critical Care, data on file] in 
relation to the overall ICU cost and would on a 
patient level have a minor impact on the overall 
findings. For this reason, the cost of capital was 
omitted.

Daily ICU costs. The daily ICU cost is used in the 
model to calculate the cost associated with time 
(days) on MV. We attempted to implement a 
source for the daily ICU cost which was up to 
date, and which could be continuously updated 
on a regular basis, and therefore used information 
from the Svenska Intensivvårdsregistrets (SIR) 
2010 (www.icuregswe.org/). Since 2002, Sweden 
has presented yearly reports from ICUs in Swe-
den. Associated ICUs report their average VTS 
points per day (VårdTyngd Sverige) to SIR, which 
is a measure that takes into account the case mix 
and the intensity of care at the specific clinic 
[Hjortso et  al. 1992; Walther et  al. 2004]. The 
reported daily VTS reflects the basic cost of a 
day’s care (i.e. clinics might have additional costs) 
and score can be translated into a cost/reimburse-
ment level, based on available regional price lists. 
For the base case, we selected the ICU at the 
Lund University hospital, where the NAVA tech-
nology is used. Further, the cost per VTS score 
was derived from the Southern hospital district 
price list, to which Lund belongs; US$85 (SEK 
606), amounting to a daily cost of US$5007 
(Södra regionvårdsnämnden, regional priser 
2010; www.srvn.org).

For the sensitivity analyses, the effect of the aver-
age daily cost was evaluated by using the mini-
mum, median and maximum VTS score per day 
in the ICU, reported across Sweden.

Model output
The model output was the average number of 
days spent on MV and the associated costs for 
NAVA and PSV, respectively. The incremental 

Figure 3.  Average number of catheters per Neurally 
Adjusted Ventilator Assist (NAVA) patient, in relation 
to switch frequency. The model was used to estimate 
the average number of catheters per NAVA patient, 
given alternative catheter switch frequencies. The 
frequencies used for the sensitivity analyses are 
indicated by dashed lines; catheter switch every 
fifth day (base case), every third day, and every day, 
corresponded to an average 1.76 catheters, 2.59 
catheters, and 6.20 catheters per patient.

www.icuregswe.org/
www.srvn.org


Therapeutic Advances in Respiratory Disease 10(1)

10	 http://tar.sagepub.com

cost was extracted by taking the difference in 
overall cost (ICU and catheter costs) between 
NAVA and PSV. The difference in cost was 
referred to as the budget impact per patient and 
expressed as the average days or cost per patient. 
All cost results are presented in US$ 2010.

Currency conversion rate
Costs that were provided in Swedish Krona were 
converted to US$ based on the average conver-
sion rate during 2010, provided by the Sweden’s 
central bank (Sveriges Riksbank; www.riks-
banken.se. The conversion rate for U$1 amounted 
to SEK 7.1411, and the corresponding conver-
sion rate to EUR was SEK 10.1948.

Results

Base case
Table 3 shows the results per patient from the 
base case analysis in terms of days on MV and the 
associated cost per patient, for patients ventilated 
on NAVA compared with PSV. Patients in our 
model ventilated with NAVA would spend on 
average 1.7 days less on MV compared with PSV, 
as derived from the lower patient–ventilator asyn-
chrony. The reduced days on MV would amount 
to a cost saving of US$8501 for patients on 
NAVA, and the total cost saving of NAVA com-
pared with PSV was in total US$7886, after hav-
ing accounted for the NAVA catheter cost.

Sensitivity analyses
Altogether, 16 sensitivity analyses were per-
formed to explore the effect of all model param-
eters on the cost effectiveness of NAVA versus 
PSV. The sensitivity analyses are summarized in 
Table 4, and the results are presented in the sub-
sections, below.

Sensitivity analyses of difference in asynchrony 
between NAVA and PSV. The observed difference 
in asynchrony (as measured through the propor-
tion of patients with AI ⩾ 10%), for the seven 
comparative studies of NAVA versus PSV were 
implemented in a sensitivity analysis (see Table 2). 
In comparison to the base case, the six identified 
studies all showed larger differences between 
NAVA and PSV, and the modeled differences in 
days on MV and total cost were consequently 
larger. The largest difference was observed in the 
study by Cammarota and colleagues [Cammarota 
et  al. 2011], which corresponded to a total cost 
saving of close to US$20,000, while the smallest 
difference from the study by Terzi and colleagues 
corresponded to a total cost saving of US$8000 
[Terzi et al. 2010], which was still slightly higher 
compared with the base case (see Table 4).

Sensitivity analyses of duration of MV.  Since the 
base case analysis was built using the average days 
on MV as estimated in the study by de Witt and 
colleagues, we wanted to explore the effect of 
changing the average duration on MV to more 
recent observations. In the sensitivity analyses, 
the average time on MV in the Swedish ICU set-
ting (3.7 days) was evaluated, in which case the 
total cost saving of NAVA ventilation amounted 
to US$4600 compared with US$7900 in the base 
case (see Table 4). To make the analysis more 
comprehensive we also tested an average 1.45 
days on MV, which resulted in a per patient cost 
saving of US$1532.

Sensitivity analyses of costs.  Further, the costs 
that were used to build the model were explored 
in sensitivity analyses, evaluating the effects of the 
daily ICU cost, the NAVA catheter cost and the 
frequency of switching the NAVA catheter.

The daily ICU cost had a relatively large effect on 
the results, whereby the lowest observed ICU cost 

Table 3.  Base case results.

NAVA PSV Difference at patient level

Days on MV per patient 6.23 7.93 –1.70
Cost per patient (US$)  
ICU cost 31,198 39,699 –8 501
NAVA catheter cost 615 – 615
Total cost (US$) 31,813 39,699 –7886

ICU, intensive care unit; NAVA, Neurally Adjusted Ventilator Assist; PSV, pressure support ventilation.

www.riksbanken.se
www.riksbanken.se
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in Sweden (Trollhättan, US$2461) corresponded 
to a reduction in costs of US$3560 and the largest 
observed ICU cost (Karolinska Solna, US$5500) 
corresponded to a reduction in costs of US$8750, 
when ventilating a patient on NAVA compared 
with PSV (see Table 4). The NAVA catheter cost 
and the frequency of switching had a small effect 
on the overall model results, whereby the largest 
change observed in cost, when increasing the 
NAVA catheter cost by 400%, was a 30% reduc-
tion in the cost saving (see Table 4). For frequency 
of switching, the base case scenario of switching 
every fifth day resulted in an average 1.8 catheters 
per patient, and switching every third day or every 
day resulted in an average of 2.6 and 6.2 catheters 

per patient, respectively (see Figure 3). However, 
when relating the additional cost of switching the 
NAVA catheter every day instead of every fifth, to 
the overall budget impact of ventilating patients 
on NAVA, the increased switch frequency only 
corresponded to a 25% reduction in the potential 
cost saving of NAVA (see Table 4).

Breakeven analyses.  Given that the difference 
in asynchrony of NAVA versus PSV can vary 
between clinics, and that the published refer-
ences identified for the sensitivity analyses might 
not capture the full range of that variation, we 
performed a breakeven analysis searching for 
the level of relative difference in asynchrony 

Table 4.  Summary of sensitivity analyses.

Scenario Description Budget impact 
per patient 
(US$)

Change versus 
base case 
(absolute/%)

Reference

Base case See Table 2 –7886  
  1.  Efficacy NAVA: 0% –8160 274/3% Terzi et al. 

[2010]   PSV: 32%
  2.  Efficacy NAVA: 0% 9257 1371/17% Colombo 

et al. [2008]   PSV: 36%
  3.  Efficacy NAVA: 0% –11,451 3565/45% De la Oliva 

et al. [2012]   PSV: 44%
  4.  Efficacy NAVA: 9% –15,427 7541/96% Moerer et al. 

[2008]   PSV: 67.5%
  5.  Efficacy NAVA: 7% –18,855 10,969/139% Spahija et al. 

[2010]   PSV: 78%
  6.  Efficacy NAVA: 0% –19,952 12,066/153% Cammarota 

et al. [2011]   PSV: 75%
  7.  Catheter cost US$700 –7271 –615/–8%  
  8.  Catheter cost US$1050 –6656 –1230/–16%  
  9.  Catheter cost US$1400 –6041 –1845/–23%  
10. � Frequency of 

catheter switch
Every third day –7593 –239/–4%  

11. � Frequency of 
catheter switch

Every day –6329 –1557/–20%  

12. � Daily ICU cost 
min, Sweden

NU Trollhättan: 
US$2461

–3563 –4323/–55% Swedish ICU 
register

13. � Daily ICU cost 
median, Sweden

Kristianstad/Gävle: 
US$4370

–6805 –1081/–14% Swedish ICU 
register

14. � Daily ICU cost 
max, Sweden

K Solna CIVA: 
US$5516

–8750 864/11% Swedish ICU 
register

15.  Days on MV 3.7 days –4579 –3307/–42% Swedish ICU 
register

16.  Days on MV 1.45 days –1532 –6354/–81% Hypothetical

ICU, intensive care unit; MV, mechanical ventilation; NAVA, Neurally Adjusted Ventilator Assist; PSV, pressure support 
ventilation.
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when NAVA is no longer cost effective in rela-
tion to PSV (from an absolute difference in the 
proportion of asynchronous patients of 31% in 
the base case, down to no difference). The 
results are illustrated in Table 5. Further, these 
results from hypothetical scenarios were com-
bined with that from the clinical studies to per-
form a regression analysis that demonstrated at 
which incremental efficacy level the breakeven 
is reached. In this analysis, an absolute differ-
ence greater than 2.5% between NAVA and PSV 
in the proportion of asynchronous patients with 
an AI at least 10% (49.5% versus 52% asynchro-
nous patients with NAVA and PSV, respectively) 
was needed in order for NAVA to be cost effec-
tive (see Figure 4).

Discussion
In this study we developed a decision analytical 
model evaluating the economic effects of using 
the NAVA technology, which reduces patient ven-
tilator asynchrony. Extrapolating the de Wit and 
Thille data [de Wit et al. 2009; Thille et al. 2006] 
and demonstrating a decrease in ventilator days in 
patients with less asynchrony (AI < 10%), our 
results show that only a minor decrease (2.5%) in 
the proportion of asynchronous ICU patients (AI 

⩾ 10%) with NAVA is needed for investments to 
pay off in terms of reduced days on MV. The base 
case results were generally very stable and robust 
to changes in important parameters, such as pro-
portion of asynchronous patients with an AI at 
least 10%, duration of ventilation and daily ICU 
costs. Decision analytic modeling allows a feasi-
ble, scientific and timely approach to measure the 
cost effectiveness of new medical technologies in 
healthcare by using the best available evidence of 
different sources to produce detailed estimates of 
the clinical and economic consequences of differ-
ent healthcare interventions. To the best of our 
knowledge, no studies have yet reported health 
economic outcomes of the NAVA technology, so 
we see the positive results of the model as an 
encouragement to start designing and performing 
studies that also evaluate this important aspect.

This model is based on the direct link between 
NAVA and improved patient–ventilator asyn-
chrony and the association between patient venti-
lator asynchrony and long duration of mechanical 
ventilation. The link between NAVA and syn-
chrony is well established and had by 2012 been 
reported in over 10 peer-reviewed publications, 
investigating both adult and pediatric populations 
[Alander et al. 2012; Beck et al. 2009; Bengtsson 

Table 5.  Summary of breakeven analyses.

Scenario Description Budget impact 
per patient 
(US$)

Change versus 
base case 
(absolute/%)

Reference

Base case See Table 2 –7886  
1. Efficacy NAVA: 22% –7612 –274/–3% Hypothetical
  PSV: 52%  
  Absolute difference: 30%  
2. Efficacy NAVA: 32% –4870 –3017/–38% Hypothetical
  PSV: 52%  
  Absolute difference: 20%  
3. Efficacy NAVA: 42% –2127 –5759/–73% Hypothetical
  PSV: 52%  
  Absolute difference: 10%  
4. Efficacy NAVA: 49.5% –71 –8501/–108% Hypothetical
  PSV: 52%  
  Absolute difference: 2.5%  
5. Efficacy NAVA: 52% 615 –8501/–108% Hypothetical
  PSV: 52%  
  Absolute difference: 0%  

In addition to the base case, five scenarios were tested in order to define the required difference in proportion of asyn-
chronous patients with asynchrony index at least 10% for breakeven, where the incremental cost of NAVA equals the 
economic gain from reducing asynchrony.
NAVA, Neurally Adjusted Ventilator Assist; PSV, pressure support ventilation.
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and Edberg, 2010; Breatnach et  al. 2010; 
Cammarota et  al. 2011; Clement et  al. 2011; 
Colombo et  al. 2008; de la Oliva et  al. 2012; 
Moerer et al. 2008; Piquilloud et al. 2011; Spahija 
et al. 2010; Terzi et al. 2010]. Three studies have 
reported on an association between asynchrony 
and days on MV; all have been observational 
[Chao et al. 1997; de Wit et al. 2009; Thille et al. 
2006]. We note however that the NAVA technol-
ogy enables an intervention study on reducing 
asynchrony for the first time, while other param-
eters that were previously potential subject to 
intervention, for example fixed tidal volumes and 
sedation levels, have already been explored in ran-
domized controlled trials for evaluation of health 
economic outcomes. For example, decreased tidal 

volumes have been shown to decrease both mor-
tality and days on MV [ARDSNet, 2012; Petrucci 
and Iacovelli, 2007], and reduced sedation and 
improved sedation protocols have been shown to 
decrease days on ventilation [Brattebo et al. 2002; 
Breen et al. 2005; de Wit et al. 2008; Strom et al. 
2010].

This health economic model is built based on clini-
cal data that have been gathered from several dif-
ferent sources, including both clinical studies and 
the Swedish ICU register, and further it is based 
on a number of assumptions and simplifications. 
Therefore, in our sensitivity analyses, we have eval-
uated the effect on the results when considering 
different extreme scenarios for the parameters of 
the model to illustrate potential applicability to 
various scenarios, complementary to the base case. 
In order to do this, we chose upper and lower limits 
of the parameters to be evaluated that reflect a 
range of relevant scenarios in the real-world set-
ting. When evaluating the efficacy of NAVA versus 
PSV in reducing patient–ventilator asynchrony, we 
included all identified studies that report outcomes 
as an AI. This gives us potential incremental effica-
cies for different patient groups, different NAVA 
modes and different study sizes. The study chosen 
for the base case included the largest population, 
all adults, and on invasive NAVA, and the differ-
ence (compared with PSV) in the proportion of 
asynchronous patients proved to be the most con-
servative estimate since all additional studies 
showed larger differences between NAVA and PSV, 
and hence a larger cost-saving potential. The sensi-
tivity analyses we performed based on the other 
studies indicate that differences in the proportion 
of asynchronous patients had a large impact on 
results, and that the data used in the base case cor-
responded to a conservative estimate.

In the sensitivity analyses of daily ICU cost, we 
evaluated the full scenario of costs observed 
across Swedish hospitals and note that even at the 
lowest daily ICU cost, NAVA was clearly cost sav-
ing. As in many other countries, Sweden has over 
a 20-year period been trying to control the esca-
lating cost in healthcare. Hence, the number of 
ICU beds (ventilator beds) in Sweden has been 
reduced and was 8/100,000 inhabitants in 2011 
(extrapolated from occupancy statistics in SIR 
2011 annual report; www.icuregswe.org/). When 
comparing this to the situation in other countries 
[Brattebo et  al. 2002; Breen et  al. 2005; de Wit 
et al. 2008; Strom et al. 2010], it is in the lower 
end of the number of ICU beds/100,000, for 

Figure 4.  Incremental cost in relation to the efficacy 
of Neurally Adjusted Ventilator Assist (NAVA) versus 
pressure support ventilation (PSV). The relation 
between the incremental cost (model output) and the 
absolute difference in proportion of asynchronous 
patients with asynchrony index (AI) at least 10% 
between PSV and NAVA (model input) is illustrated. 
The base case, with efficacy taken from Piquilloud and 
colleagues [Piquilloud et al. 2011] is indicated, and the 
results of the clinical studies applied in the sensitivity 
analyses are shown in the following order from the 
base case: [Terzi et al. 2010; Colombo 
et al. 2008; de la Oliva et al. 2012; Moerer 
et al. 2008; Spahija et al. 2010; Cammarota et al. 2011]. 
In addition, four hypothetical scenarios were added, 
to illustrate breakeven; that is, at which point the 
difference in proportion of asynchronous patients with 
AI at least 10% between NAVA and PSV is so small that 
the additional cost of the NAVA catheter balances the 
gain from reducing the number of days on mechanical 
ventilation (MV). In this analysis, an absolute efficacy 
difference larger than 2.5% is needed in order for 
NAVA to be cost effective.

www.icuregswe.org/
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example, the UK is the only European country 
with fewer number of ICU beds (3/100,000 pop-
ulation) while Germany has as many as 25 ICU 
beds/100,000 population. A high occupancy of 
beds means a high demand for effective treatment 
of ICU patients to move the patients to interme-
diate care or regular wards as soon as possible. 
Thus we believe that overall cost per ICU patient 
in Sweden could be on the lower side among 
comparable countries. In our analysis of various 
Swedish hospitals, the total range of incremental 
cost savings spanned from US$3560 to 8750, 
representing a 245% difference between the high-
est and lowest values, while all were well within 
the limits of NAVA being less costly.

The average duration of MV can also differ 
between countries, hospitals, wards and also over 
time. We therefore explored the effects of imple-
menting an average duration of MV from 2010, 
national Swedish statistics (3.7 days) and a hypo-
thetical value of 1.45 days, compared with that of 
the study by Thille and colleagues (7.1 days). 
This resulted in a 42% and 81% reduction in the 
incremental patient budget impact, respectively. 
Further, we could illustrate that the cost of the 
NAVA catheter had negligible effects on the total 
results, when a fourfold cost increase only 
resulted in a 23% reduction in the incremental 
cost saving. A similar trend was observed when 
evaluating the effect of changing the catheter 
every day instead of changing the catheter every 
fifth day (as per recommendations), which only 
resulted in a 25% reduction in the incremental 
cost saving at the patient level, even though the 
average number of NAVA catheters per patient 
increased from 1.8 to 6.2.

The key limitation of these results is the lack of 
randomized controlled studies in adults with 
which to compare the results; however, decision 
tree models like the one used in this study are fre-
quent in situations when the availability of data is 
limited. The aim of these models is to synthesize 
data from different sources, as well as assump-
tions. Decision tree models are widely used and 
typically accepted by reimbursement authorities 
and payers when evaluating health technologies.

Another potential limitation with this model is 
that we have not evaluated all costs that might dif-
fer between NAVA and PSV, but have focused on 
daily ICU costs, and NAVA catheter costs. Several 
studies have suggested that the sedation costs are 
likely to be reduced with NAVA compared with 

PSV, since the improved patient–ventilator syn-
chrony results in a higher comfort level for the 
patient. No study has yet been performed with 
this as an end point in an adult population. In the 
recent pediatric study published by Kallio and 
colleagues it was reported that when postopera-
tive patients were excluded from the analysis the 
amount of sedation needed was significantly lower 
in the NAVA group [Kallio et al. 2015]. However, 
since no adult studies have measured and reported 
on comparative sedation levels, this potential cost 
saving of NAVA was not incorporated. The two 
ventilation modes have more or less equal 
amounts of parameters to set, implement and 
support, and no studies have reported that either 
method is more labor intensive than the other. 
Since the same ventilator can be used for both 
NAVA and PSV ventilation, the only additional 
incremental investment, on top of the catheter 
cost, is that of a NAVA module and software, 
which can be considered low in comparison to 
catheter costs. The same conclusion applies for 
the capital cost for the NAVA-enabled ventilator.

In the current model, the economic effects of 
reducing days on MV have been evaluated by 
assigning a daily ICU cost to the duration. The 
cost for a day on MV in the ICU is most likely 
higher than the average daily ICU cost, which we 
have implemented here. Previous studies have 
estimated the incremental cost of MV in the ICU 
to be on average 13–38% higher than intensive 
care without MV [Dasta and Kane-Gill, 2009; 
Tan et al. 2008]. In summary, we decided to use a 
more conservative estimate of the daily costs by 
focusing on the average daily ICU cost. Bearing 
this in mind, the results point to an even larger 
cost-saving potential.

Moreover, differences in patient characteristics 
and context should be considered when the results 
from the model are interpreted and validated with 
real-world data; the fact that potential subgroups 
of patients can benefit differently from treatment 
should be taken into account. For example, 
patients with a longer average duration of MV 
might have a larger cost saving potential, or from 
the clinics perspective, the case mix at specific 
clinics can have a large impact on the cost-saving 
potential. The studies performed in neonates show 
that triggering of ventilator support is difficult due 
to leakage using uncuffed tubes. This makes it dif-
ficult for the ventilator to identify patient efforts 
and has been shown to increase patient ventilator 
asynchrony extensively. Most recently, Piastra and 



J Hjelmgren, SB Wirta et al.

http://tar.sagepub.com	 15

colleagues published results from a nested study 
comparing retrospective data on neonates recov-
ering from acute respiratory distress syndrome 
treated with NAVA with a control group not 
treated with NAVA. The study found that the 
duration of MV with NAVA (41 ± 17 h) was sig-
nificantly lower than that of PSV (72.5 ± 44 h,  
p = 0.011) [Piastra et al. 2014]. This corresponds 
to a difference of 1.3 days which, despite being 
based on a different patient population, is in line 
with our model results of 1.7 days. Future studies 
in this patient group might also, beside the impor-
tant impact on time on ventilator, show an even 
more important decrease in morbidity as this is 
linked to time on MV. Thus future research should 
investigate the efficacy of NAVA in different 
patient populations. Clearly, it would be of great 
interest to conduct an intervention study that 
would be designed to validate the results in a real-
world setting at clinics that ventilate their patients 
with both NAVA and PSV.

The potential effects of an increased patient flow 
through ICUs could also generate interesting and 
important health economic data.

Conclusion
This economic study showed economically favora-
ble results for NAVA compared with PSV. Our 
results show that only a minor decrease in the pro-
portion of asynchronous patients (AI ⩾ 10%) with 
NAVA is needed for investments to pay off in terms 
of reduced days on MV. Future studies need to 
confirm this result by directly relating improved 
synchrony to the number of days on MV.
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