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order to reach the same arterial CO 2  was observed. Ineffec-
tive inspiratory efforts occurred only during PSV and de-
creased with the dead space.  Conclusion:  This study dem-
onstrates, in a small group of animals, that NAVA can deliver 
assist in very small species with a higher efficiency than PSV 
in terms of eliminating CO 2  for a given minute ventilation. 

 Copyright © 2009 S. Karger AG, Basel 

 Introduction 

 Patient-ventilator asynchrony has been demonstrated 
in infants and in relatively small animals breathing on 
conventional, pneumatically-controlled mechanical ven-
tilation  [1–3] . Neurally adjusted ventilatory assist (NAVA) 
is a new mode of mechanical ventilation where the assist 
delivery is controlled by diaphragm electrical activity 
(EAdi)  [4] , which is a pneumatically-independent con-
troller signal. To date, NAVA has been implemented suc-
cessfully in White New Zealand rabbits with a weight of 
approximately 3 kg  [2, 5, 6] , and has been shown to pro-
vide a more efficient and synchronous ventilation. No 
studies have yet been performed with the application of 
NAVA in very small species.
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 Abstract 

  Background:  Neurally adjusted ventilatory assist (NAVA) is a 
pneumatically-independent mode of mechanical ventila-
tion controlled by diaphragm electrical activity (EAdi), and 
has not yet been implemented in very small species.  Objec-

tives:  The aims of the study were to evaluate the feasibility 
of applying NAVA in very small species and to compare this 
to pressure support ventilation (PSV) in terms of ventilatory 
efficiency and breathing pattern, and evaluate the impact of 
instrumental dead space on breathing pattern during both 
modes.  Methods:  Nine healthy rats (mean weight 385  8 
4 g) were studied while breathing on PSV or NAVA, at base-
line or with added dead space.  Results:  A clear difference in 
breathing pattern between NAVA and PSV was observed 
during both baseline and dead space, where PSV – despite 
similar EAdi and tidal volume as during NAVA – caused short-
ened inspiratory time (p  !  0.05) and increased the respira-
tory rate (p  !  0.05). A higher minute ventilation (p  !  0.05) in 

 Received: February 3, 2009 
 Accepted after revision: May 18, 2009 
 Published online: November 4, 2009   

formerly Biology of the Neonate

 Jennifer Beck, PhD 
 Keenan Research Centre in the Li Ka Shing Knowledge Institute, St. Michael’s Hospital 
 30 Bond Street, Queen Wing 4-072
  Toronto, ON M5B 1W8 (Canada) 
 Tel. +1 416 880 3664, Fax +1 416 760 7518, E-Mail beckj   @   smh.toronto.on.ca 

 © 2009 S. Karger AG, Basel 

 Accessible online at:
www.karger.com/neo 

http://dx.doi.org/10.1159%2F000255167


 Campoccia Jalde   /Almadhoob   /Beck   /
Slutsky   /Dunn   /Sinderby   

Neonatology 2010;97:279–285280

  Today, pressure support ventilation (PSV) is one of the 
modes of providing partial ventilatory assist during spon-
taneous breathing. Different from NAVA, PSV is trig-
gered and cycled off by pneumatic sensors responding to 
airway pressure (P aw ), flow, and/or volume, and delivers 
a constant targeted level of pressure. To our knowledge, 
very few physiological trials of PSV in very small species 
have been performed  [7] .

  Ironically, pressure- or flow-sensing devices are often 
inserted into the respiratory circuit between the endotra-
cheal tube and y-piece in order to improve monitoring of 
tidal volume (Vt) and/or to better synchronize the assist 
delivery during PSV in neonates. These devices typically 
add a dead space volume of about 0.8–1.0 ml, and al-
though breathing pattern responses have been described, 
no papers to our knowledge have described the impact
of adding a flow-sensing device on neural respiratory 
drive.

  The aim of the present study was to evaluate the feasi-
bility of applying NAVA in tracheostomized (i.e., absence 
of leaks) very small species (Sprague-Dawley rats) weigh-
ing less than 400 g and to compare this to ventilatory ef-
ficiency and breathing pattern with PSV, while breathing 
with and without an added (0.8 ml) dead space.

  Methods 

 The Animal Care and Use Committee of St. Michael’s Hospi-
tal, Toronto, Ont., Canada, approved the protocol.

  Animal Preparation and Instrumentation 
 Nine adult male Sprague-Dawley rats (Charles River Labs,

St. Constant, Que., Canada) with a mean body weight of 385  8
 4 g, were studied. The animals were initially anesthetized with 
isoflurane in O 2  (100%) and titrated until the animals were mo-
tionless and unresponsive to stimulus. The rats were then injected 
with intraperitoneal ketamine (100 mg/kg) and xylazine (10
mg/kg). Following premedication, anesthesia was maintained 
throughout the protocol via continuous intravenous infusion of 
ketamine (25 mg/kg/h), xylazine (2.5 mg/kg/h) via the tail vein. 
With this anesthetic protocol, the animals maintained spontane-
ous ventilation.

  A tracheostomy was performed using a 14-gauge tube and se-
cured in place with silk suture. The femoral artery was cannu-
lated to obtain blood for arterial blood gases (Ciba-Corning Mod-
el 248; Bayer, Leverkusen, Germany). Transcutaneous pulse ox-
imetry was used to monitor heart rate and arterial oxygen 
saturation (NONIN 8600 VTM; Nonin Medical Inc., Plymouth, 
Minn., USA) at the paw. Body temperature was measured with a 
rectal probe and maintained at 37  8  0.5   °   C using a heating pad. 
Flow, Vt and P aw  were measured through a pneumotachograph 
(Hans Rudolph 8411 series, linear between 0–10 l/min, 1.3 ml 
dead space) placed between the tracheostomy and the y-piece of 

the respiratory circuit throughout the entire study. Since the ana-
tomical dead space of the upper airway structures (approx. 0.5 ml) 
was bypassed by the tracheotomy, the effective net dead space of 
the pneumotach was around 0.8 ml. Volume was obtained by in-
tegration of the flow signal.

  EAdi was recorded from an array of miniaturized electrodes, 
spaced 4 mm apart and mounted on a 5.6-french esophageal cath-
eter. This interelectrode distance fulfilled criteria necessary for 
the double subtraction method  [8, 9]  to process EAdi.

  The accurate positioning of the EAdi electrodes was con-
firmed by an online display of ECG and correlograms of EAdi 
signals along the electrode array  [8] . A detailed description of 
electrode positioning is provided in Beck et al.  [2] . Standardized 
and automated signal processing algorithms were implemented 
on the EAdi signal, as previously described  [8–10] .

  Method for PSV and NAVA 
 NAVA and PSV were both applied with a modified Servo 300 

ventilator (Maquet Critical Care, Solna, Sweden).
  PSV was used with the standard features of the ventilator. The 

flow trigger in PSV (neonatal setting) was set to a medium sensi-
tive flow trigger (around 0.35 l/min), which in this animal model, 
does not cause auto-triggering, and the default cycling-off was at 
5% of peak inspiratory flow (nonadjustable).

  During NAVA, the pressure delivery was controlled by the 
EAdi waveform, processed according to standardized algorithms 
 [9] . While the ventilator was set in ‘pressure support/CPAP mode’, 
the EAdi overrode the built-in pressure support algorithms. Dur-
ing NAVA, the EAdi signal was used to trigger and cycle-off the 
assist. EAdi was also the controller signal for the amount of pres-
sure delivered during inspiration and was multiplied by a propor-
tionality factor known as the NAVA level to adjust the level of as-
sist  [4] . The NAVA trigger was set to a level where it was not trig-
gering on random noise signals (this fixed trigger level was de-
termined during paralysis in a separate group of animals). The 
NAVA off-cycling was set to 80% of peak EAdi. Trigger and cy-
cling-off variables were not altered throughout the study.

  In both modes, the rise time was set to 5%, was similar for all 
animals and was not adjusted during the experiment. Hence, ex-
cept for the ‘external’ processing of the NAVA signal, all digital, 
electronic and pneumatic interventions in the Servo 300 were 
identical for both NAVA and PSV.

  Bench testing of Servo 300 has demonstrated clearly accept-
able performance for the infant mode  [11] . No such evaluation has 
been published in the neonatal mode.

  Experimental Protocol 
 Following instrumentation, animals were first ventilated with 

NAVA (at a fixed NAVA level of 0.8 cm H 2 O/arbitrary units of 
EAdi). This was necessary because we wanted to match the peak 
pressures in both NAVA and PSV. Since NAVA is not pressure-
targeted and delivers pressure in proportion to EAdi, and consid-
ering that each individual rat has a different EAdi and response 
to dead space, the peak pressure during NAVA was unpredictable. 
Since PSV allows specific targeting of peak pressure, peak pres-
sures could be matched in the 2nd period with PSV. In both 
modes, a dead space was applied in random order and placed be-
tween the endotracheal tube and y-piece.

  NAVA and PSV levels were not altered between periods with 
and without dead space. FiO 2  was 0.5 and PEEP was 1.5 [1.5; 2.0 
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(median with 25 and 75% quartiles)] cm H 2 O and not changed 
throughout the protocol.

  Each period of NAVA and PSV, with and without dead space, 
lasted 10 min, which was substantially longer than the response 
time for chemoreceptor stimulus  [12] . The last 5 min were record-
ed. Arterial blood was drawn and analyzed at the end of each pe-
riod.

  Off-Line Analysis 
 The last minute of each period was analyzed to quantify flow, 

Vt, P aw , neural respiratory rate (nRR), ventilator respiratory rate 
and mean inspiratory EAdi on a breath-by-breath basis. Minute 
ventilation (V E ) was calculated as the product of the Vt and ven-
tilator respiratory rate for the assisted breaths.

  Statistics 
 Because some of the measured variables were not normally 

distributed, results are reported as medians with the 25 and 75% 
quartiles. For the 4 conditions, multiple comparisons were per-
formed with repeated measures ANOVA on ranks using the Stu-
dent-Newman-Keuls method for pair-wise multiple comparisons. 
Relationships were determined with the Pearson product-mo-
ment correlation. p  !  0.05 was considered significant.

  Results 

 All runs were successfully completed in all animals.

  Baseline (No Dead Space but on Mechanical 
Ventilation with the Pneumotach Placed in Line) 
 PaCO 2  was slightly higher than normal during the 

baseline periods with both NAVA and PSV; however, no 
difference was observed between the modes ( table 1 ). 
PaO 2  during the baseline period for PSV and NAVA was 

183.0 (144.5; 237.5) and 189.0 (167.5; 207.5) mm Hg, re-
spectively, and not statistically different. There was no 
difference in mean inspiratory EAdi between the NAVA 
and PSV modes ( table 1 ).

  The mean P aw  during the baseline periods of NAVA 
and PSV was 3.5 (3.0; 4.6) and 3.4 (2.8;   4.1) cm H 2 O, re-
spectively. The corresponding peak values were 5.5 (5.2; 
8.4) and 7.3 (5.9; 9.0) cm H 2 O. There were no statistical 
differences for mean or peak P aw  between the NAVA and 
PSV periods.

  No difference was observed between NAVA and PSV 
with regards to Vt, whereas significant differences were 
observed (repeated measures ANOVA on ranks) for in-
spiratory time (Ti; p  !  0.001), duty cycle [Ti/Ttot (total 
breath duration); p  !  0.001], mean inspiratory flow (Vt/
Ti; p = 0.001), nRR (p  !  0.001) and V E  (p = 0.002). Post 
hoc comparison showed significantly lower Ti (p  !  0.05) 
and Ti/Tt (p  !  0.05), and higher Vt/Ti (p  !  0.05) and nRR 
(p  !  0.05), during PSV in comparison to NAVA. The re-
sults for Vt, nRR and V E  are depicted in  figure 1  and the 
results for Ti, Ti/Tt, and Vt/Ti are presented in  table 1 .

  During baseline PSV, ineffective efforts were observed 
(defined as the presence of EAdi that did not trigger the 
ventilator). The number of ineffective efforts ranged be-
tween 1 and 5 per min (median 2.5 per min) and were 
observed in 4 of the 9 rats. No ineffective efforts were ob-
served during NAVA.

  Despite the ineffective inspiratory efforts during PSV 
at baseline, V E  was 26% (6; 36) higher (p  !  0.05) during 
PSV than during NAVA ( fig. 1 ).

Table 1. Neural breathing pattern and arterial CO2 for the different ventilatory conditions

Variable NAVAbl NAVAds PSVbl PSVds ANOVA
p value

PaCO2, mm Hg 48.5 (44; 54) 55.5 (53.5; 65)c 51 (46; 55) 59.5 (59; 61.5)d 0.002
IXEAdi, AU 8.5 (7.4; 12.3) 11.8 (8.9; 14.6)c 10.4 (7.3; 13.6) 12.9 (9.0; 17.3)d 0.015
Ti, ms 474 (450; 512) 428 (391; 486)c 340 (306; 382)a 266 (235; 294)b, d <0.001
Ti/Ttot 0.53 (0.47; 0.60) 0.52 (0.49; 0.61)c 0.41 (0.38; 0.49)a 0.41 (0.34; 0.44)b 0.002
Vt/Ti, l/sec 5.3 (4.4; 6.2) 6.4 (5.9; 6.8)c 7.7 (6.7; 8.8)a 9.6 (9.4; 11.2)b, d <0.001

Values are reported as medians (25–75%). bl = Baseline condition; ds = dead space condition; PaCO2 = partial pressure of carbon 
dioxide in the arterial blood; IXEAdi = mean inspiratory diaphragm electrical activity; AU = arbitrary units.

a Post hoc comparison of NAVAbl vs. PSVbl, p < 0.05. b Post hoc comparison of NAVAds vs. PSVds, p < 0.05.  c Post hoc comparison 
of NAVAbl vs. NAVAds, p < 0.05. d Post hoc comparison of PSVbl vs. PSVds, p < 0.05.
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  Dead Space (on Mechanical Ventilation with the 
Pneumotach and 0.8 ml Dead Space Placed in Line) 
 With the addition of dead space, PaCO 2  increased

(p  !  0.001) to similar levels during both NAVA (p  !  0.05) 
and PSV (p  !  0.05) as presented in  table 1 . PaO 2  values 
during NAVA and PSV with added dead space were 192.5 
(144.0; 258.5) and 208.5 (187.0; 243.5) mm Hg, respec-
tively, and not different from baseline values.

  Adding the dead space increased mean inspiratory 
EAdi (p = 0.015) during NAVA (p  !  0.05) and PSV (p  !  
0.05) to similar levels ( table 1 ). During NAVA, the dead 
space-induced changes in EAdi were correlated to chang-

es in P aw  (r = 0.71, p = 0.030) producing an increase in P aw  
(above PEEP) by 8% (4–17%, p = 0.008). No correlation 
between EAdi and P aw  or increase in P aw  was observed 
when dead space was added during PSV.

  Vt was not different between NAVA and PSV and not 
changed compared to baseline after the addition of dead 
space ( fig. 1 ). The addition of dead space increased nRR 
by 9 breaths per minute (bpm) during NAVA (p  !  0.05) 
and 18 bpm during PSV (p  !  0.05). Similar to baseline 
conditions, nRR remained significantly higher during 
PSV compared to NAVA (p  !  0.05;  fig. 1 ). The addition of 
dead space increased V E  during both NAVA (p  !  0.05) 
and PSV (p  !  0.05). V E  was still 25% (10; 48) higher (p  !  
0.05) during PSV compared to NAVA ( fig. 1 ).

  The application of the dead space shortened Ti during 
both NAVA (p  !  0.05) and PSV (p  !  0.05). Ti during PSV 
was still shorter than during NAVA (p  !  0.05;  table 1 ). 
Ti/Tt was minutely decreased during NAVA (p  !  0.05) 
and was not affected by the dead space during PSV. Ti/Tt 
was still significantly lower during PSV compared to 
NAVA (p  !  0.05) as presented in  table 1 . Dead space in-
creased Vt/Ti significantly, both during NAVA (p  !  0.05) 
and PSV (p  !  0.05). With dead space, Vt/Ti was still high-
er during PSV than during NAVA (p  !  0.05;  table 1 ).

  In PSV mode, only 1 rat demonstrated ineffective in-
spiratory efforts (3/min) after the addition of dead space. 
No ineffective inspiratory efforts occurred during 
NAVA.

  Discussion 

 The present study is the first to demonstrate the feasi-
bility of NAVA in a very small species of  ! 400 g body 
weight. With the ventilator and settings used, the results 
show a clear difference in breathing pattern between 
NAVA and PSV, where PSV – despite similar EAdi and Vt 
as NAVA – shortens Ti, increases nRR and requires high-
er V E  in order to reach the same PaCO 2  level. Asynchro-
ny was observed only during PSV, and was actually re-
duced when a dead space – equal in size to a flow-sensing 
device – was added to the respiratory circuit.

  Despite the fact that the PaCO 2  levels between NAVA 
and PSV were not different, V E  was about 25% higher 
during PSV than during NAVA, both without and with 
dead space. Similar PaCO 2 , but higher V E , during PSV 
suggests that the efficiency in eliminating PaCO 2  was 
lower compared to NAVA. One important factor affect-
ing the CO 2  elimination efficiency is the relationship be-
tween Vt and dead space. In the present study, all animals 
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  Fig. 1.  Vt, nRR, and minute ventilation (V E ) during NAVA base-
line periods (circles), PSV (squares) baseline periods (empty sym-
bols) and during periods with dead space (solid symbols). Data are 
presented as medians with 25 and 75% quartiles.   
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were their own control and were ventilated with the same 
respiratory circuit, only changing digital controllers to 
control the assist. The added dead space was the same 
during both NAVA and PSV. Hence, there were no differ-
ences in dead space volumes that could explain the wors-
ened CO 2  elimination efficiency during PSV. There were 
no differences in Vt between NAVA and PSV during 
breathing, with or without dead space. Hence, the effect 
of Vt to dead space ratio does not explain the worsened 
CO 2  elimination efficiency during PSV, when compared 
to NAVA.

  With regard to the measured Vt and respiratory rates 
in the present study, previous studies in healthy awake 
unrestrained rats breathing room air report Vt of about 
4 and 7 ml/kg and breathing frequencies around 90 bpm 
 [7, 13–19] . Lai and Hildebrandt  [20]  described that seda-
tives lowered breathing frequency, whereas no influence 
on Vt was found (7.3 ml/kg). Hence, in the present study, 
the baseline Vt of about 6.7 (NAVA) and 7.1 (PSV) ml/kg 
was within the previously reported normal range. Respi-
ratory rates of 58 (NAVA) and 67 (PSV) bpm were within 
the range that has previously been described in PSV at a 
similar level of assist  [7] . It is therefore likely, similar to 
the study of Lai and Hildebrandt  [20] , that the influence 
of sedatives on the respiratory rate and V E  could explain, 
in part, the elevated PaCO 2  at baseline in both modes of 
ventilation.

  Another possible explanation for the lowered CO 2  
elimination efficiency during PSV, compared to NAVA, 
could be related to different Ti. Knelson et al.  [21]  dem-
onstrated in dogs that increased length of the end inspi-
ratory pause was followed by an increase in alveolar ven-
tilation and a reduction in PaCO 2 . Mercat et al.  [22] 
 showed that extending Ti enhances CO 2  elimination in 
human patients with acute respiratory distress syndrome. 
Recent work by Aström et al.  [23]  also showed that de-
creasing the mean distribution time during mechanical 
ventilation – either by decreasing the Ti time or by de-
creasing the pause time – worsened CO 2  elimination. The 
shorter Ti during PSV may, therefore, be one explanation 
for the worsened efficiency of CO 2  elimination in com-
parison to NAVA.

  In the present study, nRR was clearly higher during 
PSV than during NAVA, regardless of whether dead space 
was added or not. Moreover, the increase in nRR due to 
added dead space during PSV was twice that observed 
during NAVA, even though increases in PaCO 2  were sim-
ilar. This could be explained by the differences in assist 
delivery and off-cycling algorithms between PSV and 
NAVA. Studies have shown that increased inspiratory 

flow rates delivered by the ventilator are associated with 
increasing breathing frequency  [24] . During PSV, the in-
spiratory flow (Vt/Ti) was clearly higher (due to a shorter 
Ti) than during NAVA. Also, similar EAdi during NAVA 
and PSV suggests that the difference in flow was due to 
differences in how the assist was delivered and not due to 
differences in inspiratory effort. PSV is designed to reach 
the target pressure level as early as possible by maximiz-
ing the delivery of inspiratory flow at inspiratory onset, 
whereas NAVA is designed to deliver a pressure in pro-
portion to effort which usually results in a saw-tooth 
shaped pressure profile where flow rates are more modest 
at onset of inspiratory effort.

  Besides the initial flow rate, the duration of the
assisted breath – in relation to the neural breathing
cycle – has been shown to have an impact on respiratory 
rate  [25] , where a prolonged duration of assist into neural 
exhalation will act to slow the nRR  [1] , and a too short 
delivered breath will decrease neural exhalation time 
and, hence, promote an increase in respiratory rate  [25] . 
In the present study, the assist period was longer during 
NAVA than during PSV, as evidenced by longer Ti and 
higher Ti/Tt during NAVA. NAVA was set to cycle off at 
80% of peak EAdi, which, although this is beyond peak 
inspiratory effort, did not delay off-cycling to occlude ex-
piratory flow at end-inspiration.

  With regards to neonatal mechanical ventilation, only 
one study has addressed changing cycling-off criteria in 
very premature infants. This study demonstrated that ex-
piratory asynchrony, expressed as triggered inflation ex-
tending into expiration, was reduced from 96 to 10% of 
the total number of triggered breaths when cycling-off 
criteria were adjusted from 0 to 25% of peak inspiratory 
flow, respectively  [26] . Since this adjustment is arbitrary, 
mechanical inflation may persist into expiration, or on 
the other hand, may cease too early, as recently demon-
strated  [3]  in neonates. In the present study, the default 
cycling-off criteria of 5% also appeared to be too early 
compared to neural off-cycling. Appropriate cycling-off 
during PSV is, hence, an unresolved issue; therefore, 
more studies on patient-ventilator synchrony are re-
quired.

  With regards to the physiological response to added 
dead space, a puzzling finding of the present study was 
that the application of the dead space only increased nRR, 
but not Vt. Previous works in healthy adult unrestrained 
conscious  [15–17]  and anesthetized rats  [15, 27] , not me-
chanically ventilated, show that CO 2 -induced increases 
in V E  typically result from increases in both Vt and 
breathing frequency. Although we observed an expected 
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increase in V E  and respiratory drive with the added dead 
space in our study, the initial increase in dead space due 
to the pneumotach itself at baseline (see Methods) could 
have shifted the relative response of VT and nRR, which 
may explain the lack of Vt response to the increased CO 2  
in the 2nd part of the study. Anesthesia has been found 
to blunt the ventilatory response to CO 2   [15, 27–29] . The 
age of the rat has also been shown to affect the ventila-
tory responses to CO 2   [29] , as well as a tracheostomy  [15] . 
Lai et al.  [15]  demonstrated that sedation in tracheosto-
mized rats reduced respiratory rates, whereas little effect 
was observed on Vt. However, they showed that, although 
the ventilatory response to CO 2  in unrestrained sponta-
neously breathing rats with tracheostomy was reduced, 
V E  increased due to increases in both Vt and respiratory 
rates. A plausible explanation for the increase in V E  as a 
result of increases in respiratory rates with maintained Vt 
in the present study could have been the implementation 
of mechanical ventilation. No studies of adding dead 
space during synchronized mechanical ventilation have 
been performed in either small rodents or extremely low 
birth weight neonates.

  In the present study, almost half of the animals showed 
ineffective inspiratory efforts during PSV, whereas no 
EAdi breaths were missed during NAVA. Although one 
could claim that the incidence of ineffective inspiratory 
efforts during PSV was relatively low and that it indicates 
a good performance of the conventional trigger and cy-
cling, one must consider that these animals were healthy 
and tracheotomized, which are actually ideal conditions 
for pneumatic triggering. During PSV, insertion of the 
dead space reduced the amount of ineffective inspiratory 
efforts despite the large increase in breathing frequency. 
Normally, one would expect an increase in breathing fre-
quency to challenge the trigger and cycling-off capability 
of the ventilator and increase the incidence of ineffective 
inspiratory efforts during PSV. However, as demonstrat-
ed in the present study, the addition of dead space in-
creased respiratory drive; therefore, an increased inspira-
tory effort for the same trigger threshold was likely the 
factor responsible for the reduced ineffective efforts.

  Study Limitations 

 In the present study, we opted for fixed trigger settings 
in both modes (EAdi trigger for NAVA and flow trigger 
for PSV). Both were set at levels that did not induce auto-
triggering. Admittedly, either the EAdi and/or the flow 
triggers could have been set more sensitively (or another 

ventilator could have been used); however, this would 
have jeopardized the standardization of the protocol. Ad-
ditionally, except for the external processing of the EAdi 
signal, all electronic and mechanical delays were identical 
for the 4 conditions since the same ventilator and circuit-
ry were used. Nonetheless, the findings of the present 
study could be specific to the ventilator rather than the 
mode.

  Another limitation of the present study is that the cy-
cling-off criteria during PSV was bound to a fixed (by 
default) cycling-off criteria of 5% of peak inspiratory flow 
and was not adjustable. This could affect the likelihood 
of obtaining synchrony and the length of ventilator Ti. In 
a recent publication where the EAdi waveform was com-
pared to the P aw  waveform in premature infants on PSV, 
cycling-off at 15% of peak inspiratory flow was too early, 
as judged by the termination of the assisted breath prior 
to the peak of EAdi being reached  [3] .

  The present study could be criticized for randomizing 
the application of dead space rather than randomizing 
the mode. Ventilator mode affects breathing pattern (i.e., 
how or how much assist is delivered), and this occurs rap-
idly  [1, 30]  and is assumed to be strongly influenced by 
reflexes  [25, 30–32] . Consequently, the order in which 
modes are applied should not affect the differences in 
breathing pattern that were observed.

  Regarding the relatively small sample size used in the 
present study, previous studies on breathing patterns in 
rats and acute CO 2  challenge  [7]  typically have used 6–8 
animals. This number of animals was sufficient to detect 
differences related to CO 2  challenge. Based on this, we 
decided to study 9 animals, anticipating that this would 
be sufficient in a cross-over study design.

  Conclusion 

 This study, in a small group of animals, demonstrates 
that NAVA can deliver ventilatory assist in very small spe-
cies with a higher efficiency in terms of eliminating CO 2  
for a given minute ventilation than during PSV, with the 
ventilator settings used in the current study. The study 
also shows that during PSV, a dead space of 0.8 ml reduc-
es ineffective inspiratory efforts, but at the expense of in-
creased respiratory drive. It should be noted that the re-
sults of the present study pertain to a small animal model 
with size being the challenge. Although clear and consis-
tent differences were observed between PSV and NAVA, 
these results may not necessarily pertain to human pre-
mature infants with immature respiratory control.



 NAVA and PSV in Small Species Neonatology 2010;97:279–285 285

  Acknowledgements 

 We are indebted to Mr. Norman Comtois for technical assis-
tance. The study was supported by the R. Samuel McLaughlin 
Foundation and The Keenan Foundation. J.B. was supported by 
the NIH No. 1 R21 HD45047-01.

  Disclosure 

 Drs. Beck and Sinderby have made inventions related to neural 
control of mechanical ventilation that are patented. The licenses 
for these patents belong to Maquet Critical Care. Future commer-
cial uses of this technology may provide financial benefit to Drs. 
Beck and Sinderby through royalties. Drs. Beck and Sinderby 
each own 50% of Neurovent Research Inc. (NVR). NVR is a re-
search and development company that builds equipment and 
catheters for research studies. NVR has a consulting agreement 
with Maquet Critical Care. Dr. Slutsky is a consultant to Maquet 
Medical and is compensated for this work.
 

 References 

  1 Beck J, Tucci M, Emeriaud G, Lacroix J, Sin-
derby C: Prolonged neural expiratory time 
induced by mechanical ventilation in in-
fants. Pediatr Res 2004;   55:   747–754. 

  2 Beck J, Campoccia F, Allo JC, Brander L, 
Brunet F, Slutsky AS, Sinderby C: Improved 
synchrony and respiratory unloading by 
neurally adjusted ventilatory assist (NAVA) 
in lung-injured rabbits. Pediatr Res 2007;   61:  
 289–294. 

  3 Beck J, Reilly MC, Grasselli G, Mirabella L, 
Slutsky AS, Dunn MS, Sinderby C: Patient-
ventilator interaction during neurally ad-
justed ventilatory assist in very low birth 
weight infants. Ped Res 2009;65:663–668. 

  4 Sinderby C, Navalesi P, Beck J, Skrobik Y, 
Comtois N, Friberg S, Gottfried SB, Lind-
ström L: Neural control of mechanical ven-
tilation in respiratory failure. Nat Med 1999;  
 5:   1433–1436. 

  5 Allo JC, Beck JC, Brander L, Brunet F, Slutsky 
AS, Sinderby CA: Influence of neurally ad-
justed ventilatory assist and positive end-ex-
piratory pressure on breathing pattern in 
rabbits with acute lung injury. Crit Care Med 
2006;   34:   2997–3004. 

  6 Beck J, Brander L, Slutsky AS, Reilly MC, 
Dunn MS, Sinderby C: Non-invasive neural-
ly adjusted ventilatory assist in rabbits with 
acute lung injury. Intensive Care Med 2008;  
 34:   316–323. 

  7 Goodyear-Bruch C, Long LR, Simon P, Clan-
cy RL, Pierce JD: Pressure-support ventila-
tion and diaphragm shortening in the rat 
model. AANA J 2005;   73:   277–283. 

  8 Beck J, Sinderby C, Lindström L, Grassino A: 
Influence of bipolar esophageal electrode 
positioning on measurements of human cru-
ral diaphragm electromyogram. J Appl 
Physiol 1996;   81:   1434–1449. 

  9 Sinderby C, Beck J, Lindström L, Grassino A: 
Enhancement of signal quality in esophageal 
recordings of diaphragm EMG. J Appl Physi-
ol 1997;   82:   1370–1377. 

 10 Aldrich T, Sinderby C, McKenzie D, Estenne 
M, Gandevia S: ATS/ERS statement on respi-
ratory muscle testing – electrophysiologic 
techniques for the assessment of respiratory 
muscle function. Am J Respir Crit Care Med 
2002;   166:   518–624. 

 11 Nishimura M, Hess D, Kacmarek RM: The 
response of f low-triggered infant ventilators. 
Am J Respir Crit Care Med 1995;   152:   1901–
1909. 

 12 Smith CA, Rodman JR, Chenuel BJ, Hender-
son KS, Dempsey JA: Response time and sen-
sitivity of the ventilatory response to CO 2  in 
unanesthetized intact dogs: central vs. pe-
ripheral chemoreceptors. J Appl Physiol 
2006;   100:   13–19. 

 13 Palacek F: Measurement of ventilatory me-
chanics in the rat. J Appl Physiol 1969;   27:  
 149–156. 

 14 Pappenheimer JR: Sleep and respiration of 
rats during hypoxia. J Physiol 1977;   266:   191–
207. 

 15 Lai YL, Tsuya Y, Hildebrandt J: Ventilatory 
responses to acute CO 2  exposure in the rat. J 
Appl Physiol 1978;   45:   611–618. 

 16 Walker BR, Adams EM, Voelkel NF: Ventila-
tory responses of hamsters and rats to hy-
poxia and hypercapnia. J Appl Physiol 1985;  
 59:   1955–1960. 

 17 Walker JK, Jennings DB: Ventilatory and 
metabolic effects of hypercapnia in con-
scious rats: AVP V1 receptor block. Can J 
Physiol Pharmacol 1998;   76:   361–366. 

 18 Poole TB (ed): The UFAW Handbook on the 
Care and Management of Laboratory Ani-
mals, ed 6. Harlow, Longman Scientific & 
Technical, 1986. 

 19 Harkness JE, Wagner JE: The Biology and 
Medicine of Rabbits and Rodents, ed 3. Phil-
adelphia, Lea and Febiger, 1989. 

 20 Lai YL, Hildebrandt J: Respiratory mechan-
ics in the anesthetized rat. J Appl Physiol 
1978;   45:   255–260. 

 21 Knelson JH, Howatt WF, DeMuth GR: Effect 
of respiratory pattern on alveolar gas ex-
change. J Appl Physiol 1970;   29:   328–331. 

 22 Mercat A, Diehl JL, Michard F, Anguel N, 
Teboul JL, Labrousse J, Richard C: Extend-
ing inspiratory time in acute respiratory dis-
tress syndrome. Crit Care Med 2001;   29:   40–
44. 

 23 Aström E, Uttman L, Niklason L, Aboab J, 
Brochard L, Jonson B: Pattern of inspiratory 
gas delivery affects CO 2  elimination in 
health and after acute lung injury. Intensive 
Care Med 2008;   34:   377–384. 

 24 Fernandez R, Mendez M, Younes M: Effect 
of ventilator flow rate on respiratory timing 
in normal humans. Am J Respir Crit Care 
Med 1999;   159:   710–719. 

 25 Kondili E, Prinianakis G, Anastasaki M: 
Acute effects of ventilator settings on respi-
ratory motor output in patients with acute 
lung injury. Intensive Care Med 2001;   27:  
 1147–1157. 

 26 Dimitriou G, Greenough A, Laubscher B, 
Yamaguchi N: Comparison of airway pres-
sure-triggered and airflow-triggered venti-
lation in very immature infants. Acta Paedi-
atr 1998;   87:   1256–1260. 

 27 Hayashi F, Yoshida A, Fukuda Y, Honda Y: 
CO 2 -ventilatory response of the anesthe-
tized rat by rebreathing technique. Pflugers 
Arch 1982;   393:   77–82. 

 28 Saetta M, Mortola JP: Breathing pattern and 
CO 2  response in newborns rats before and 
during anesthesia. J Appl Physiol 1985;   58:  
 1988–1986. 

 29 Stunden CE, Filosa JA, Garcia AJ, Dean JB, 
Putnam RW: Development of in vivo ventila-
tory and single chemosensitive neuron re-
sponses to hypercapnia in rats. Respir Physi-
ol 2001;   127:   135–155. 

 30 Viale JP, Duperret S, Mahul P, Delafosse B, 
Delpuech C, Weismann D, Annat G: Time 
course evolution of ventilatory responses to 
inspiratory unloading in patients. Am J 
Respir Crit Care Med 1998;   157:   428–434. 

 31 Corne S, Webster K, Younes M: Hypoxic re-
spiratory response during acute stable hypo-
capnia. Am J Respir Crit Care Med 2003;   167:  
 1193–1199. 

 32 Sinderby C, Beck J, Spahija de Marchie M, 
Lacroix J, Navalesi P, Slutsky AS: Inspiratory 
muscle unloading by neurally adjusted ven-
tilatory assist during maximal inspiratory 
efforts in healthy subjects. Chest 2007;   131:  
 711–717. 

  


