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Abstract
Objective To evaluate the physiological impact of high CPAP (≥9 cmH2O) vs. NIPPV at equivalent mean airway pressures.
Study design In this cross-over study, preterm neonates on high CPAP or NIPPV were placed on the alternate mode. After
30 min, left and right ventricular cardiac output and work of breathing indices were assessed, following which patients were
placed back on the original mode and a similar procedure ensued.
Results Fifteen infants with mean (SD) postmenstrual age 32.7 (3.0) weeks, and weight 1569 (564) grams were included. No
differences in LVO [320 (63) vs. 331 (86) mL/kg/min, P= 0.46] or RVO [420 (135) vs. 437 (141) mL/kg/min, P= 0.19]
were noted during high CPAP vs. NIPPV, along with no differences in work of breathing indices.
Conclusion High CPAP pressures did not adversely impact cardiac output or work of breathing compared to NIPPV at
equivalent mean airway pressure.

Introduction

Non-invasive respiratory support use has increased in the
last decades in neonatal intensive care units to reduce the
burden of lung injury caused by invasive mechanical

ventilation [1]. While there are a variety of non-invasive
support modes, continuous positive airway pressure
(CPAP) and non-invasive positive pressure ventilation
(NIPPV) are typical forms [2]. Nasal CPAP delivers a
constant distending pressure, whereas NIPPV delivers
intermittent peak pressures above a constant distending
pressure at set intervals to mimic tidal ventilation. Use of
CPAP has traditionally been with positive end-expiratory
pressure (PEEP) levels between 5 and 8 cmH2O [3–5]. On
the other hand, pressures and settings utilized with NIPPV
use are highly variable [6, 7], but typically result in mean
airway pressures that are higher than traditional CPAP
levels.

NIPPV is often used as a rescue form of non-invasive
support when traditional CPAP is unable to support oxy-
genation and/or ventilation requirements. In recent meta-
analyses of clinical trials that have compared CPAP and
NIPPV [4, 5], the latter is suggested to be superior — with
lower pooled estimates of failure. However, NIPPV use has
limitations. The optimal pressure ranges that are effective
and safe remain unknown resulting in tremendous practice
variability [7]. Peak pressures are known to be diverted to
the stomach [8], especially when high, often resulting in
gastric distension and feeding intolerance. Furthermore,
there is evidence that peak pressures are often asynchronous
with patients’ respiratory efforts, and even when
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synchronous, do not result in significant increases in mea-
sured tidal volume [6, 9]. This has raised the possibility that
reported clinical benefits of NIPPV might simply be a result
of higher mean airway pressures, rather than the specific
mechanism of gas flow delivery.

In recent years, use of high pressures during CPAP (≥9
cmH2O) has emerged in the care of preterm neonates. In a
recent survey of all Canadian tertiary level centres, 7 out
of 28 sites reported use of CPAP pressures higher than
traditional levels, suggesting emerging uptake of this
practice [7]. However, there are limited data on the
effectiveness and safety of high CPAP. Some preliminary
physiological data have suggested safety [10, 11], while
the only randomized clinical trial demonstrated that CPAP
pressures between 7 and 9 compared to 4–6 cmH2O, when
utilized post-extubation, resulted in fewer extubation
failures in a cohort of extremely preterm neonates [12].
There are no published studies that have compared CPAP
and NIPPV at equivalent mean airway pressures, despite
the long-standing recognized need for such research [6].
The objective of this study was to compare the physio-
logical impact of high CPAP vs. NIPPV at equivalent
mean airway pressures.

Methods

Study design

This was a single-centre, prospective, cross-over, short-term
study comparing high CPAP (≥9 cmH2O) vs. NIPPV and
impact on physiological outcomes in preterm neonates.

Study population

Preterm infants without any congenital or chromosomal/
genetic abnormalities who were already being managed
with either high CPAP (between 9 and 14 cmH2O) or
NIPPV were screened for eligibility. At time of the study
procedure, subjects had to meet following criteria:
(a) >2 weeks’ chronological age; (b) a postmenstrual age of
at least 28 weeks (irrespective of gestational age);
(c) current weight between 1000 and 2500 g; (d) clinical
stability with FiO2 < 0.60; and (e) informed and written
parental consent. Clinical stability was further defined as no
increased work of breathing on clinical assessment by
medical team, no apneas or bradycardias requiring inter-
vention, and no change in respiratory pressure settings
within the previous 48 h. In addition, any patients with an
acute inter-current illness (including sepsis) or presence of
hemodynamically significant ductus arteriosus (definition as
shown in Supplementary File Table S1) were not included.

Finally, medical team approval was confirmed prior to any
study procedure.

Study procedure and data acquisition

Patients on either high CPAP or NIPPV were first
crossed-over to the alternate mode (e.g., high CPAP
patient switched to NIPPV and vice versa) while ensuring
the provision of equivalent mean airway pressure. For
patients being switched from high CPAP to NIPPV, the
conversion scheme as shown in Supplementary File
(Table S2) was used to determine NIPPV settings. For
patients on NIPPV, the calculated mean airway pressure
was rounded to the nearest integer to choose the CPAP
level. After a 30 min washout period, the cardiac output
and electrical activity of diaphragm was recorded fol-
lowing which patient was crossed-over back to the ori-
ginal mode. Once back on the original mode, and another
30 min washout period, the cardiac output and electrical
activity of diaphragm was ascertained once again for
comparative analysis. Figure 1 depicts the study schema.
The mean airway pressure as measured by the ventilator
was documented every 10 min throughout the study pro-
cedure during both NIPPV and high CPAP. Both modes
of support were provided using either a VN500 or
Babylog 8000 (Drager, Lubeck, Germany) ventilators
with appropriately sized masks or short bi-nasal prongs
(Fisher and Paykel Healthcare Limited, Auckland, New
Zealand). Neither the ventilator nor the interface type
(mask/prong) was changed during the study for any
individual participant.

Assessment of cardiac output (Primary outcome)

Cardiac output was evaluated for both left and right ven-
tricles using 2-D echocardiograms, which was performed on
any given subject for both high CPAP and NIPPV by either
a neonatologist with formal training (MGAW, N= 13) or a
pediatric cardiologist (TM, N= 2). For the left ventricular
output (LVO), the aortic root diameter was measured in
duplicate, and the average value was used along with the
subject’s heart rate (HR), weight and velocity time-integral
to calculate the LVO (mL/kg/min) using the following
equation: LVO ¼ 0:785� AoRð Þ2 �VTi�HR

Weight . A similar set of
measurements were performed to calculate RVO, using the
pulmonary root diameter in place of aortic root diameter.

Electrical activity of diaphragm (Secondary outcome)

The minimum and peak electrical activity of the dia-
phragm (Edi), representing the work of breathing required
to maintain functional residual capacity and generate tidal
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ventilation, respectively, were measured for each subject
using specialized Edi catheters (Maquet, Rastatt, Ger-
many) [13]. The catheters were inserted in place of reg-
ular gastric tubes via the oropharynx and secured at an
appropriate level as per manufacturer’s recommendations.
The Edi catheter was connected to a neurally adjusted
ventilator assist module (Maquet, Rastatt, Germany)
inserted into the ventilator, which then transmitted
minimum and peak Edi signals to a data capturing soft-
ware (Servo-Tracker v4.2, Maquet, Rastatt, Germany).
The Edi waveform was analyzed for its peak at inspira-
tion, minimum value at exhalation, and mean values in
both inspiration and exhalation from a 5 min period from
each mode per subject that provided the highest quality
data, as previously described [14].

Safety and termination criteria

All subjects were monitored during the data acquisition
period for pre-determined termination criteria, which
included occurrence of any one of the following: (a) sus-
tained increase/decrease in baseline HR > 20 bpm above/
below baseline for >10 min; (b) Decrease in mean blood
pressure >10 mmHg below baseline on two consecutive
measurements being performed every 10 min; (c) increase
in FiO2 requirement >10% above baseline for >10 min; and/
or (d) increase in work of breathing above baseline (as
assessed by the Silverman score [15], and quantified by an
increase in the score by ≥2). The baseline levels of each of
the above parameters were determined based on the mean
value over 10 min on the original respiratory support mode
immediately prior to initial cross-over. For baseline blood

pressure, the average of two measurements taken 10 min
apart was used.

Sample size and data analysis

Based on an alpha value of 0.05, power set at 80% and
previously reported standard deviations in cardiac output
[16], a sample size of 15 subjects was selected to detect an a
priori determined minimal clinically important difference of
50 mL/kg/min in cardiac output between high CPAP and
NIPPV. Demographic data for all study subjects were
summarized using descriptive statistics. All outcome mea-
sures were reported as means (±standard deviation) and
were compared using paired t-tests. Given the sample size, a
post-hoc decision was made to also present standard error of
means for cardiac output values. A p value of <0.05 was
considered to be significant. All final analyses were per-
formed on GraphPad Prism v8 (GraphPad Software, San
Diego, CA, USA).

Results

Fifteen patients underwent the study procedure and data
acquisition between August 2017 and July 2020. The study
procedure was performed in two additional patients who
met inclusion criteria initially, but their data were not
included in the study for the following reasons: in one
patient, the Edi data was not captured during high CPAP
due to a software error; in the second patient cardiac output
from right ventricle was not estimable reliably due to a
dysplastic pulmonary valve. For the final 15 subjects

Fig. 1 Study schema depicting the crossover between high CPAP and NIPPV at equivalent MAP. CPAP continuous positive airway pressure,
MAP mean airway pressure, NIPPV non-invasive positive pressure ventilation.
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included in the study, the mean (SD) gestational age,
chronological age, postmenstrual age and weight at time of
study were 26.3 (0.8) weeks, 46 [20] days, 32.7 (3.0)
weeks, and 1569 (564) grams, respectively. Table 1 depicts
the baseline characteristics of individual patients, the set-
tings on high CPAP and NIPPV, and the mean (SD) mea-
sured mean airway pressure on each mode for all patients.

Cardiac output [mean (SD/SEM)] was not different when
evaluating either left [320 (63/16) vs. 331 (86/22) mL/kg/
min, P= 0.46] or right ventricular output [420 (135/35) vs.

437 (141/36) mL/kg/min, P= 0.19] between high CPAP
and NIPPV, respectively (Fig. 2). There were also no dif-
ferences in the components of the individual parameters that
contributed to the cardiac output calculations. The mean
(SD) aortic velocity time-integral was 12.9 (2.6) vs. 13.4
(2.9) cm, P= 0.12 and mean (SD) HR was 165 [12] vs. 163
[12] bpm, P= 0.49 during high CPAP and NIPPV during
assessment of LVO, respectively. Similarly, during RVO
measurements, the mean (SD) pulmonary velocity time-
integral was 13.7 (3.4) vs. 14.1 (3.2) cm, P= 0.19 and the

Table 1 Individual-level demographics of patients included in the study, included original set and measured pressures on each mode of non-
invasive support.

Subject number GA
(weeks)

BW
(grams)

Sex DOL (days) PMA
(weeks)

Current
weight
(grams)

High
CPAP set
PEEP
(cmH2O)

Mean (SD)
measured
MAP during
High CPAP
(cmH2O)

NIPPV Settings
(PIP/PEEP
[cmH2O] ×
Rate [bpm])

Mean (SD)
measured
MAP during
NIPPV
(cmH2O)

1 25.42 800 Female 33 30 1330 11 11.0 (0) 17/8 × 40 11.0 (0)

2 26 855 Male 34 30.28 1267 11 11.0 (0) 17/8 × 40 11.2 (0.4)

3 25.14 740 Male 22 28.14 940 11 11.0 (0) 17/8 × 40 11.0 (0)

4 27 870 Male 50 34.85 1785 9 9.0 (0) 13/7 × 40 9.1 (0.4)

5 27.28 1100 Female 26 30.85 1280 11 11.1 (0.4) 16/8 × 40 10.8 (0.4)

6 26.57 890 Female 49 33.42 1750 10 10.0 (0) 14/8 × 40 10.0 (0)

7 27 984 Female 56 34.85 2143 10 10.0 (0) 14/8 × 40 10.0 (0)

8 25.85 910 Female 23 28.85 1000 13 13.0 (0) 20/10 × 40 13.0 (0)

9 26.14 893 Male 37 31.28 1460 9 9.0 (0) 13/7 × 40 9.0 (0)

10 26.42 770 Female 67 35.85 2340 14 14.0 (0) 22/10 × 40 11.5 (0.8)

11 26 675 Female 31 30.28 1120 12 14.2 (1.2) 20/8 × 40 12.4 (1.5)

12 26 780 Female 31 30.28 1060 11 11.2 (0.5) 17/8 × 40 10.8 (0.4)

13 25.28 872 Male 73 35.57 2310 9 8.8 (0.2) 13/7 × 40 8.9 (0.2)

14 28.14 925 Female 41 33.85 1538 9 9.2 (0.1) 13/7 × 40 8.7 (0.3)

15 25.85 440 Female 61 34.42 1170 9 9.1 (0.1) 13/7 × 40 9.4 (0.3)

BW birth weight, CPAP continuous positive airway pressure, DOL day of life, GA gestational age, MAP mean airway pressure, NIPPV non-
invasive positive pressure ventilation, PEEP positive end-expiratory pressure, PIP peak inspiratory pressure, PMA postmenstrual age, SD standard
deviation.

Fig. 2 Cardiac Output on High CPAP vs. NIPPV. A LVO estimates
were 320 [63] vs. 331 [86]mL/kg/min, P= 0.46 during high CPAP and
NIPPV, respectively. B RVO values were 420 (135) vs. 437 (141)mL/kg/

min, P= 0.19 with high CPAP and NIPPV, respectively. CPAP con-
tinuous positive airway pressure, LVO left ventricular output, NIPPV nasal
intermittent positive pressure ventilation, RVO right ventricular output.
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mean (SD) HR was 162 [11] vs. 162 [13] bpm, P= 0.84
with high CPAP and NIPPV, respectively. The Edi data did
not demonstrate any statistically significant differences
between high CPAP and NIPPV (Fig. 3). In addition, no
study subject met pre-determined study termination criteria
based on assessment of clinical physiological parameters.
Finally, a post-hoc sensitivity analysis was conducted after
excluding participant numbers 10 and 11 who had dis-
crepant measured mean airway pressures during high CPAP
vs. NIPPV (Table 1), results of which showed no difference
in cardiac output or Edi values (Supplementary File
Table S3).

Discussion

Summary of results

In this cohort of 15 preterm neonates who were already on
either high CPAP or NIPPV, there was no impact on either
left or right ventricular output when crossed-over to the
alternate mode as measured by 2-D echocardiography.
There was no significant change in work of breathing
indices as measured using electrical activity of the dia-
phragm. All study subjects tolerated the cross-over for the
duration of the study period without any changes in clinical
physiological parameters.

Significance of results

With ever-increasing use of non-invasive respiratory support
modes, it is important to generate evidence to ultimately
inform clinical guidelines for best practice. High CPAP use
is emerging as an attractive alternative to NIPPV despite
limited data on indications, effectiveness, and safety. It may
indeed confer advantage for individual patients by virtue of

maintaining a constant high distending pressure without the
periodic peak pressure transmissions and associated limita-
tions during NIPPV [6]. However, till date there are limited
data comparing high CPAP and NIPPV at equivalent mean
airway pressures, with no studies to our knowledge that have
evaluated the physiological impact.

In the first study of its kind, the impact of high CPAP vs.
NIPPV at equivalent mean airway pressure on cardiac
output and work of breathing was evaluated. Consistent
with our hypothesis, there were no differences in either left
or right ventricular output when comparing the two modes.
Interestingly, the RVO measurements were noted to be
higher than LVO although these were not intended to be
compared against each other. We speculate this difference
may result from slightly higher measurement estimates of
the pulmonary root, which was due to measurements taken
at a slightly higher level compared to the aortic root. In
relation to work of breathing indices, while no differences
were noted, there was a trend toward lower peak and
minimum Edi signals with NIPPV, a finding that deserves
further exploration in appropriately powered studies.

Comparison with previous literature

Hsu et al. compared varying levels of CPAP on patients
who were originally in room air, reporting a decline in
cardiac output when comparing no CPAP to CPAP at
10 cmH2O [17]. On the other hand, Mukerji et al. reported
no changes in cardiac output when comparing varying
levels of CPAP ranging from 5 to 13 cmH2O in a cohort of
stable infants [11]. In that study, LVO and Edi were
assessed and interestingly, the LVO (295 ± 75 mL/kg/min)
and Edi values (peak Edi 15.4 ± 10.6 µV and min Edi 4.2 ±
4.6 µV) at CPAP 5 cmH2O were similar to those on high
CPAP and NIPPV in the present study. However, both these
studies reported on patients who required less respiratory

Fig. 3 Peak and minimum Edi on High CPAP vs. NIPPV. A Peak
Edi values assessed during inhalation were 16.6 (8.6) vs. 14.2 (6.0)
µV, P= 0.19 during high CPAP and NIPPV, respectively. B Mini-
mum Edi values assessed in expiratory phase were 6.2 (3.0) vs. 5.4

(2.8) µV, P= 0.39 during high CPAP and NIPPV, respectively. CPAP
continuous positive airway pressure, Edi electrical activity of dia-
phragm, NIPPV nasal intermittent positive pressure ventilation.
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support than the present cohort, precluding formal statis-
tical comparisons. Gupta et al. reported preliminary results
of the clinical impact of CPAP vs. NIPPV at equivalent
pressures, demonstrating no differences in the primary
outcome of bradycardias [10]. However, not all patients in
this cohort were on high CPAP pressures >8 cmH2O. Bin-
manee et al. reported short-term clinical outcomes with use
of high pressures on non-invasive support (which included
high CPAP) and reported success with prevention of inva-
sive mechanical ventilation, but was limited by lack of
control group [18]. The only randomized clinical trial
compared CPAP 4–6 cmH2O vs. 7–9 cmH2O post-
extubation and reported lower rates of extubation failure
with the higher pressure group [12]. The increasing use of
high CPAP despite the limited available scientific sub-
stantiates the clear need for further research. Ours is the first
study that compares physiological outcomes when com-
paring high CPAP with NIPPV at equivalent mean airway
pressures.

Weaknesses and strengths

Some key limitations of this study should be recognized.
The variability in cardiac output was higher than anticipated
that were used as a basis for sample size calculations. As
such, the possibility of a type II error exists. However, as
the absolute values of both left and right ventricular output
were very similar, it is uncertain whether a larger sample
size would have changed the outcome. Furthermore, it must
be acknowledged that echocardiograms as a tool to measure
cardiac output may have limited reliability due to technical
challenges, although it remains the gold standard in neo-
nates [19]. Also, while we focused on LVO and RVO, we
did not include assessment of preload as a marker of
hemodynamic compromise in this study. Our results for the
work of breathing indices were not powered due to it being
an exploratory outcome. As well, despite the need for high
non-invasive pressures, included patients were generally
stable which limits generalizability to patients who are
acutely unwell. In addition, we did not pursue any clinical
outcomes as they were deemed outside the scope of this
targeted study. Finally, the measured pressures during both
high CPAP and NIPPV showed variability in some patients,
highlighting the importance of continuous clinical vigilance
in optimizing the interface securement to deliver the set
measures as best as possible.

The major strength is this being the first study to evaluate
the physiological impact of high CPAP and NIPPV at
equivalent pressures on cardiac output and work of breathing.
The cross-over design provided consistency for purposes of
comparison. Finally, clinical parameters were assessed for
safety and termination based on a priori determined cut-offs
during the cross-over, although no subjects met these criteria.

Conclusions and future directions

In this study, cardiac output was not adversely impacted by
use of high CPAP pressures at equivalent mean airway
pressure as NIPPV. However, studies with larger sample
sizes are needed to be definitive. Work of breathing indices
also require further evaluation, as is the need for prospective
clinical trials toward determining the optimal use of high
CPAP and impact on both short and long-term clinical
outcomes.
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