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Abstract

Objective: Investigate the cardiorespiratory effects of non-invasive neurally adjusted ventilatory assist (NIV-NAVA), non-

synchronized nasal intermittent positive pressure ventilation (NIPPV), and nasal continuous positive airway pressure (NCPAP)

during the critical period shortly after extubation. Hypothesis: Levels of non-invasive pressure support provided and/or

presence of synchronization can affect cardiorespiratory parameters. Study design: Randomized crossover trial. Patient-subject

selection: Infants with birth weight (BW) [?] 1250g undergoing their first planned extubation were randomly assigned to all

3 modes following extubation. Methodology: Electrocardiogram and electrical activity of the diaphragm (Edi) were recorded

during 30min on each mode. Analysis of heart rate variability (HRV), diaphragmatic activity (Edi area, breath area, amplitude,

inspiratory and expiratory times) and respiratory variability (RV) were compared between modes. Results: 23 enrolled infants

had full data recordings and analysis: median [IQR] gestational age = 25.9 weeks [25.2-26.4], BW = 760g [595-900], and

post-natal age 7 [4-19] days. There were no differences in HRV parameters between modes. During NIV-NAVA and NIPPV,

diaphragmatic activity was significantly lower and RV higher than NCPAP. Delivered peak inflation pressures (PIPs) were

lower during NIV-NAVA than NIPPV (14 cmH2O [13-16] vs cmH2O 16 [16-17]; p<0.001). However, due to a significantly

higher proportion of assisted breaths (99% [92-103] vs. 51% [38-82]; p<0.001) NIV-NAVA provided a higher mean airway

pressure (MAP)(9.4 cmH2O [8.2-10.0] vs. 8.2 cmH2O [7.6-9.3]; p=0.002). Conclusions: NIV-NAVA and NIPPV applied shortly

after extubation were associated with positive cardiorespiratory effects. This effect was more evident during NIV-NAVA where

patient-ventilator synchronization provided a higher MAP with lower PIPs.
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ABSTRACT

Objective: Investigate the cardiorespiratory effects of non-invasive neurally adjusted ventilatory assist
(NIV-NAVA), non-synchronized nasal intermittent positive pressure ventilation (NIPPV), and nasal contin-
uous positive airway pressure (NCPAP) during the critical period shortly after extubation.

Hypothesis: Levels of non-invasive pressure support provided and/or presence of synchronization can affect
cardiorespiratory parameters.

Study design: Randomized crossover trial.

Patient-subject selection: Infants with birth weight (BW) [?] 1250g undergoing their first planned
extubation were randomly assigned to all 3 modes following extubation.

Methodology: Electrocardiogram and electrical activity of the diaphragm (Edi) were recorded during
30min on each mode. Analysis of heart rate variability (HRV), diaphragmatic activity (Edi area, breath
area, amplitude, inspiratory and expiratory times) and respiratory variability (RV) were compared between
modes.

Results: 23 enrolled infants had full data recordings and analysis: median [IQR] gestational age = 25.9
weeks [25.2-26.4], BW = 760g [595-900], and post-natal age 7 [4-19] days. There were no differences in
HRV parameters between modes. During NIV-NAVA and NIPPV, diaphragmatic activity was significantly
lower and RV higher than NCPAP. Delivered peak inflation pressures (PIPs) were lower during NIV-NAVA
than NIPPV (14 cmH2O [13-16] vs cmH2O 16 [16-17]; p<0.001). However, due to a significantly higher
proportion of assisted breaths (99% [92-103] vs. 51% [38-82]; p<0.001) NIV-NAVA provided a higher mean
airway pressure (MAP)(9.4 cmH2O [8.2-10.0] vs. 8.2 cmH2O [7.6-9.3]; p=0.002).

Conclusions: NIV-NAVA and NIPPV applied shortly after extubation were associated with positive car-
diorespiratory effects. This effect was more evident during NIV-NAVA where patient-ventilator synchroniza-
tion provided a higher MAP with lower PIPs.

INTRODUCTION

Over the last decades neonatal intensive care has evolved dramatically, with a substantial increase in sur-
vival rates of extremely immature infants 1. Amongst important interventions, a gentler respiratory care
approach was paramount and supported by strong scientific evidence. The hallmark of such approach was
the widespread adoption of non-invasive respiratory support as a primary strategy in an attempt to avoid
mechanical ventilation (MV) and its associated complications 2.

Nevertheless, extremely preterm infants still require MV during hospitalization, making optimized post-
extubation respiratory care vital1. A recent systematic review reinforced that preterm infants should be
extubated to non-invasive respiratory support and that nasal continuous positive airway pressure (NCPAP)
and non-synchronized non-invasive positive pressure ventilation (NIPPV) are the two most common modes 3.
Unfortunately, the certainty of the evidence to recommend one specific mode is downgraded due to risk of bias
and imprecision of the included studies. As the negative effects of non-synchronized delivery of mechanical
inflations have been previously described, including potentially harmful alterations in blood gases, blood
pressure, and tidal volumes 4, synchronization of NIPPV is desirable and has been shown to reduce inspiratory
efforts5. Regrettably, there are limited available methods for NIPPV synchronization 6, thereby leading to
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. suboptimal patient-ventilator interaction. Furthermore, the majority of studies investigated patients during
a stable period, increasing the chances of hiding any beneficial effects.

Non-invasive neurally adjusted ventilatory assist (NIV-NAVA) is a mode of ventilation that uses the di-
aphragm electrical activity (Edi) signal to deliver synchronized mechanical inflations, thus improving patient-
ventilator interaction 7. NIV-NAVA is not affected by system leaks, provides continuous monitoring of res-
piratory pattern and drive, and has been successfully applied after extubation by some centers 8. Analysis
of cardiorespiratory behavior, including heart rate variability (HRV), diaphragmatic activity as surrogate of
respiratory effort, and respiratory variability (RV), has been valuable in providing insight on the individu-
alized physiological impact of different systems 9-13. Thus, the objective of this randomized crossover study
was to evaluate the effects of NIV-NAVA applied shortly after extubation in extremely preterm infants when
compared to NIPPV and NCPAP by using analyses of cardiorespiratory behavior.

METHODS

Population

This prospective, unblinded, randomized crossover trial (ClinicalTrials.gov ID: NCT02723123) was conducted
at the Montreal Children’s Hospital neonatal intensive care unit (NICU) from July 2016 to August 2018.
Patients with birth weight (BW) [?] 1250g, receiving MV and undergoing their first elective extubation
attempt were eligible. Infants with major congenital anomalies, congenital heart defects, neuromuscular dis-
ease, diaphragmatic paralysis or palsy, diagnosed phrenic nerve injury, esophageal perforation, hemodynamic
instability, or receiving narcotics or sedative agents were excluded. The institution’s research ethics board
approved the study and informed consent was obtained from parents or legal guardians.

Decisions related to extubation timing, post-extubation respiratory support provided outside the study
period, and reintubation, were exclusively made by the treating team. As part of standard of care, all
infants were extubated to either NCPAP or NIPPV and maintained at oxygen saturation (SpO2) targets
between 88-92%.

Study design and data acquisition

Before extubation, 3 electrocardiogram (ECG) leads were placed on the infants’ limbs, located at least 1cm
apart from the existing leads to prevent interference. Additionally, a 6-French/49cm specialized feeding
tube (NAVA catheter) used for the NAVA module of the Servo-i ventilator (Maquet Critical Care, Solna,
Sweden) was placed at the level of the diaphragm and the position was confirmed by the Servo-i ventilator,
as previously described 14. After extubation, a brief period of stabilization (30-60 minutes) was allowed prior
to initiation of recordings, during which the infants received the type of non-invasive respiratory support
prescribed by the treating team. Following the stabilization period, infants received the study interventions
(NIV-NAVA, NCPAP and NIPPV) applied in a computer-generated blocked random sequence generated
created by author GS and implemented by SL, MB, and WS, with no allocation concealment. Infants
received each randomised mode for 40 minutes, with the first 10 minutes considered as a wash-out period,
where data were not used for analysis. A timeline of the study design is provided in Figure 1 .

All infants were studied in resting supine position. NIV-NAVA, NIPPV, and NCPAP modes were provided
by the Servo-i ventilator (Maquet Critical Care, Solna, Sweden) using infant binasal prongs (Hudson RCI,
Wayne, Pennsylvania). For all 3 modes, the positive end-expiratory pressures (PEEP) or NCPAP levels
matched the post-extubation pressures determined by the attending physician during the stabilization period.
To provide NIPPV, the nasal pressure control mode on the Servo-i ventilator was used, which delivers flow-
synchronized inflations via an internal sensor. Peak inflation pressures (PIP) set to 10 cmH2O above the
PEEP at a rate of 20 ipm (inflations per minute). Increases in PIP and rates were permitted only if deemed
necessary by the research staff or attending physician for infant stability and any deviations were recorded.
For NIV-NAVA, the NAVA levels were adjusted trying to match the PIP levels provided during NIPPV.

Throughout the study period, the occurrence of bradycardias (heart rate <100bpm) and desaturations
(SpO2<85%) detected by the hospital’s monitoring system were manually recorded by the research team

3
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. at the bedside since these are the signals the health care professionals would react to; events occurring
during the wash-out periods were excluded. Also, any change on the fraction of inspired oxygen (FiO2) was
documented.

Primary outcome

The primary outcome of the study was to evaluate the cardiorespiratory effects of NIV-NAVA applied shortly
after extubation in extremely preterm infants when compared to NIPPV and NCPAP. For that, analyses of
HRV, diaphragm activity and RV were performed and compared between modes.

Heart rate variability

The ECG signals were amplified, anti-alias filtered and sampled at 1000 Hz using a portable data ac-
quisition system (FE132 Bio Amp and PowerLab, ADInstruments, Colorado, U.S.A). Signals were stored
in a research computer for offline analysis using the LabChart software (Version 8.1.4, ADInstruments).
ECG signals were analyzed using an in-house developed program based on the Pan and Tompkins, and
Kota QRS detection methods 15,16 and a publicly available HRV analysis tool HRVAS, available from
https://github.com/jramshur/HRVAS. Documentation of the algorithm and MATLAB (MathWorks, Mas-
sachusetts, U.S.A.) application are publicly available at http://hrvtoolkit.com. The analysis was performed
on the full 30-minute segment.

The following time domain parameters were calculated: median NN interval; standard deviation of the
NN intervals, i.e. the variation of intervals measured between consecutive sinus beats (SDNN); the standard
deviation of the averages of NN intervals in all 5-minute segments of the recording (SDANN); the mean of the
standard deviations of all NN intervals for all 5-minute segments of the recording (SDNNi); the percentage of
adjacent NN intervals differing by >50ms (pNN50); root mean square of successive differences of NN intervals
(RMSSD); total number of all NN intervals divided by the height of the 32-bin histogram of all NN intervals
(triangular index; HRVTi); and the baseline width of the minimum square difference triangular interpolation
of the highest peak of the 32-bin histogram of all NN intervals (TINN). The following non-linear parameters
were also obtained: sample entropy (SampEn; r=0.1, m=3); detrended fluctuations analysis (DFA) scaling
exponents alpha1 (short-term; 4-13 beats), and alpha2 (long-term; 14-100 beats); the standard deviation of
intervals perpendicular to the identity line of the Poincaré plot (SD1) and the standard deviation of intervals
along the identity line (SD2). For thefrequency domain the following parameters were calculated: TP: total
power (<0.4 Hz), VLF: very low frequency (<0.04 Hz), LF: low frequency (0.04-0.15 Hz), HF: high frequency
(>0.15 to <0.4Hz), and LF/HF ratio using the Welch periodogram 17,18.

Respiratory analysis

Diaphragmatic activity: Edi signals sampled at 100 Hz were acquired and stored for offline analysis using the
Servo Tracker software (Maquet Critical Care, Solna, Sweden). For each patient and mode, Edi signals were
analyzed using the full 30-minute segments to obtain the minimum value of Edi as the resting tonic state
(Edi min), the maximum value of Edi as the maximal inspiratory effort (Edi max), and overall assessment of
respiratory effort by calculating the area under the entire signal (Edi area). A breath-by-breath analysis was
used to calculate: a) breath area, i.e. area under the breath curve; b) breath amplitude, i.e. the minimum
vertical distance that the signal descends on either side of the peak (peak-to-trough distance); c) breath
width, i.e. the distance between the points to the left and right of the peak at half the amplitude; d) neural
inspiratory time (NTi), the time from trough to peak; and e) neural expiratory time (NTe), the time from peak
to trough. The median values of these parameters were used for comparisons. An example of Edi calculation
is provided inE-Figure 1 19. All parameters were computed using an automated algorithm developed on
MATLAB (R2017a, MathWorks, Natick, U.S.A.), using peak detection functions with minimum amplitude
of 1μV and at least 0.5s apart.

Respiratory variability : Breath-to-breath (BB) time intervals were obtained and the following measures of
variability were computed for breath areas, NTi, NTe, breath amplitudes, and widths: standard deviation
(SD), coefficient of variation (CV), and the standard deviation of the successive differences (SDSD) 19.
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. Clinical data

Baseline patient demographics were collected: BW, gestational age, gender, 1-minute and 5-minute Apgar
scores, weight at extubation, postnatal age and post-menstrual age at extubation, pre-extubation blood gas
(pH, partial pressure of CO2, bicarbonate, base excess), ventilator settings (ventilation mode, PIP, PEEP,
mean airway pressure (MAP), FiO2, and inflation rate), and post-study non-invasive respiratory support
(mode, PIP, PEEP, and inflation rates). In order to evaluate the study settings, pressure waveforms were
analyzed offline to determine the number of PIPs delivered (in total and per minute), the proportion of
assisted breaths (total number of PIPs divided by the total number of neural breaths), the median PIP
value, and MAP over the entire recording for NIPPV and NIV-NAVA.

Sample size and statistical analysis

A convenience sample size of 20 infants was chosen. Given our experience with biological signal acquisition
and analysis shortly after extubation, we expected up to 20-25% patient loss due to poor signal quality,
technical issues, clinical instability, or need of immediate reintubation 9,11. Thus, the goal was to enroll 30
patients. All clinical and main outcome (HRV, diaphragmatic activity, RV) variables are expressed as median
[IQR] or number (%) and compared using the non-parametric Friedman’s test with Tukey-Kramer’s post-hoc
test, Wilcoxon rank sum test, or Chi-square or Fisher’s exact tests. Additionally, main outcome measures
of NIV-NAVA and NIPPV were calculated and expressed as delta differences from NCPAP, which was
considered the reference. Statistics were computed using MATLAB (R2018b, MathWorks, Massachusetts,
U.S.A.) and p-value [?] 0.05 was considered significant.

RESULTS

A total of 30 infants were enrolled and studied, of which 23 (77%) had full data recordings available for
analysis; a flow diagram of patient recruitment is provided in E-Figure 2 . These 23 infants had a median
[IQR] gestational age of 25.9 weeks [25.2 - 26.4], BW of 760g [595 - 900], and were studied at day 7 [4 - 19]
of life (Table 1 ). Most infants were extubated from assist-control ventilation (96%) and placed on NCPAP
after extubation (70%) (Table 1 ). Fourteen infants were successfully extubated while 9 failed, yielding a
39% reintubation rate within 7 days post-extubation.

During the study period, the median PEEP or NCPAP level was 7 [6 – 8] cmH2O, PIP 17 [16 – 18] cmH2O,
rate 20 [20 - 20] ipm during NIPPV, and NAVA levels 1.0 [0.9 - 1.2] (Table 2 ). Setting changes were
made in 3 infants based on clinical judgment: 1) NCPAP level increased from 7 to 8 cmH2O, 2) PIP/PEEP
changed to 20/8 and rate of 40 ipm during NIPPV, 3) rate increased to 40 ipm during NIPPV. There were no
significant differences in the FiO2 provided or presence of bradycardia/desaturation events between modes
(Table 2 ).

Analysis of the pressure waveforms revealed median PIP delivered during NIV-NAVA of 14 [13 - 16] cmH2O
compared to 16 [16 - 17] cmH2O during NIPPV (p<0.001). However, significantly more PIPs were delivered
during NIV-NAVA (1375 [1155 - 1518] vs. 687 [649 - 731]; p<0.001), corresponding to a delivered inflation
rate of 46 ipm [38 - 51] vs. 23 ipm [22 - 24] (p<0.001) and proportion of assisted breaths at 99% [92 - 103]
vs. 51% [38 - 82] (p<0.001) during NIV-NAVA and NIPPV, respectively. This yielded a higher MAP during
NIV-NAVA (9.4 cmH2O [8.2 - 10.0] vs. 8.2 cmH2O [7.6 - 9.3]; p=0.002)(Table 2 ). An example of pressure
and Edi waveforms during NIPPV and NIV-NAVA is provided as E-Figure 3 .

Cardiorespiratory behavior

HRV : There were no significant differences observed for any HRV parameters between the three modes of
support (E-Table 1 ).

Diaphragmatic activity : Significant changes were observed for diaphragmatic breath area, breath amplitude,
and Edi area (Table 3 ) between modes. When compared to NCPAP, breath area was significantly lower
during NIV-NAVA, and breath amplitude and Edi area were significantly lower during NIV-NAVA and
NIPPV (Figure 2 ).
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. RV : There were significant differences across the 3 modes of support for RV measures of breath area,
amplitude, and width (Table 4; Figure 2 ). A higher RV for all those measures was observed during NIV-
NAVA when compared to NCPAP. Specifically, variability of the breath area (CV) was significantly higher
during NIV-NAVA compared to both NCPAP and NIPPV (Figure 2 ), and variability of both breath
amplitude (CV) and width (SD, CV, and SDSD) were significantly higher during NIV-NAVA and NIPPV
(Table 4; Figure 2 ) compared to NCPAP.

DISCUSSION

In this prospective crossover randomized trial, the cardiorespiratory effects of NIV-NAVA were compared
to NCPAP and NIPPV in a high-risk population and during the unstable period shortly after extubation.
Using comprehensive analyses of cardiorespiratory signals, NIV-NAVA was associated with decreased neural
respiratory effort and increased RV when compared to ventilator-provided NCPAP. Moreover, these effects
were more evident during NIV-NAVA where patient-ventilator synchronization provided a higher MAP with
lower PIPs.

Heart Rate Variability

Respiration is well known to influence HRV through respiratory sinus arrhythmia (RSA), generating high
frequency heart rate changes18. Studies in animals and adults have also shown that the application of
continuous distending pressure leads to adaptive changes in autonomic cardiorespiratory control and alters
HRV20-22. Furthermore, measurements of HRV have been able to identify system instabilities before any clin-
ical signs of deterioration, as demonstrated for the prediction of sepsis23, weaning from MV 9 and outcomes
of hypoxic-ischemic encephalopathy 24. However, no significant differences in HRV measurements were found
between NIV-NAVA, NCPAP, and NIPPV. These results are consistent with other studies comparing HRV
between different non-invasive respiratory support modes in this population 11,13. Evidently, since this has
been a constant finding, differences in physiological effects between these modes are not reflected by changes
in HRV during a short period of exposure.

Diaphragmatic Activity

Analysis of the diaphragmatic activity and pressure waveforms during NIV-NAVA and NIPPV yielded some
interesting information. During NIPPV, the level of support received was different from that adjusted on
the Servo-I, as the PIPs delivered were slightly but significantly lower. These PIPs however were greater
than those delivered during NIV-NAVA, despite adjustments of the NAVA level in an attempt to match
the PIPs at the beginning of the recording period. Interestingly, although lower PIP levels were provided
during NIV-NAVA, the near-perfect synchronization between patient and ventilator on this mode yielded a
higher number of delivered PIPs (E-Figure 3 ) and thus provided a higher MAP7. In that respect, infants
seemingly adapt and reduce their respiratory efforts during NIV-NAVA. Indeed, a similar decrease has been
demonstrated in preterm infants during other crossover studies comparing NCPAP, biphasic positive airway
pressure or NIPPV with NIV-NAVA 12,25,26.

A decreased neural respiratory effort was observed during NIV-NAVA and NIPPV when compared to NCPAP.
The higher MAP provided during NIPPV (median = 8.2) and NIV-NAVA (median = 9.3) proportionally
offloaded the diaphragm, taking some of the work of breathing away from the infant as previously described
8,12,26. Interestingly, the NIPPV mode on the Servo-i ventilator has flow-synchronization using an inter-
nal sensor, which this study has demonstrated to be largely ineffective. Indeed, only 51% of the infant’s
spontaneous breaths were assisted during NIPPV. This was clearly noted upon inspection of the ventilator
pressures and Edi waveforms (E-Figure 3 ) as previously demonstrated 7.

Respiratory Variability

Breathing is a variable physiological process that represents the continuous adaptation of the respiratory
control systems to maintain homeostasis. As such, a certain amount of variability in breathing is normal:
a continuously adjusting balance between consistency and complexity. Indeed, changes in RV have been
demonstrated in response to changes in mechanical loading 27-29, respiratory morbidities 30,31 and extubation

6
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. outcomes10, and has been compared between modes of respiratory support 27,32. Both reduced 27,32and
increased RV 33,34 have been associated with clinical deterioration and worse outcomes. Thus, changes in
RV should be interpreted with caution and must consider the context.

A higher RV in infants receiving invasive NAVA ventilation has been previously observed, though the dif-
ferences did not reach statistical significance 27. Although our study investigated non-invasive modes, an
increased RV was also noted during NIV-NAVA when compared to NIPPV and NCPAP. If the RV calcu-
lated during NCPAP is the normal baseline, an increase could be due to erratic and unstable breathing
patterns during NIV-NAVA 33,34. But if the NCPAP values reflect a reduced RV from normal baseline,
then NIV-NAVA may be conferring a beneficial effect. Indeed, during MV, decreases in mechanical loads
have been associated with increases on RV28,29. Furthermore the increased RV observed during NIV-NAVA
when compared to NIPPV and NCPAP may be a reflection of the additional synchronized PIPs from the
ventilator. Actually, as the increased variability occurred for both neural breathing depth (breath area and
amplitude) and timing (breath width), it is likely that this is related to the effective transmission of the
pressures from the ventilator 27,29 and therefore may be regarded as a beneficial physiological response to
this mode of non-invasive support. It remains unclear if these findings would persist if each mode were
provided at exactly the same MAP or for longer periods. Future studies of non-invasive modes of respiratory
support should consider matching MAP (if possible) to compare their influence on RV and longer recording
periods.

A few issues were noted with the use of NIV-NAVA. First, maintaining proper catheter placement was
not always a simple task and given the extremely small size of our population, a small displacement could
negatively impact the Edi signal quality and pressure delivery. Second, NIV-NAVA only works well in
infants with a good respiratory drive. Indeed, the 3 infants that failed NCPAP during recordings also had
difficulties during NIV-NAVA. A poor respiratory drive elicited low PIPs due to the proportionality of the
NAVA algorithm. Also, we noticed that the back-up ventilation turned on and off in repeated cycles, which
did not allow for proper back-up support and stabilization. The apnea detection time used to trigger back-
up ventilation was of 10s and a shorter period may have been more appropriate in these patients35. While
some small randomized controlled trials8,36 and retrospective studies 37-39reported reduced respiratory failure
rates with NIV-NAVA, there is a lack of good evidence to determine its superiority over other modes of non-
invasive support 40. Thus, until larger randomized trials are conducted, some caution should be exercised
when integrating NIV-NAVA into the care of extremely preterm infants.

Limitations & Strengths

This study has some limitations. We used relatively short observation windows on each mode, and it is
unclear how the results may have changed with longer exposure times. The presence of desaturations and
bradycardia events were manually recorded as free text, lacking specific information on the frequency and
duration of these events. We used ventilator instead of bubble CPAP to prevent multiple changes of devices
during the study. Thus, physiological differences might be different when comparing to the bubble system.
However, the study has many important strengths. The randomized crossover design allowed each patient
to act as their own control, which is of particular importance in physiological studies due to strong inter-
individual variability. To date, this is the largest randomized crossover study of NIV-NAVA in extremely
preterm infants, with only one small crossover study performed during the immediate extubation period 12.
This is also the only crossover study comparing NIV-NAVA with 2 other modes of non-invasive respiratory
support and performing analyses of cardiac and respiratory variability. Furthermore, HRV was analyzed and
calculated following the Task Force recommendations.

CONCLUSION

In a cohort of extremely preterm infants, the use of NIV-NAVA and NIPPV shortly after extubation was
associated with decreased neural respiratory effort and increased RV when compared to ventilator-provided
NCPAP. This effect was more evident during NIV-NAVA where patient-ventilator synchronization provided
a higher MAP despite lower PIP levels.

7
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