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BACKGROUND: Nasal CPAP is the most common respiratory support for neonates. Several
factors are considered important for effective treatment, including leaks at the patient interface and
the delivery of pressure-stable CPAP. Investigations of pressure stability during leaks should in-
clude both the change in the mean delivered CPAP and the pressure variation during each breath.
The aim of this study was to examine the response of ventilators delivering nasal CPAP when
challenged with leaks at the patient interface. METHODS: Seven ventilators providing nasal CPAP
at 4 cm H2O were challenged with leaks during simulated neonatal breathing. Leak was applied for
15 consecutive breaths at a constant level (1–4 L/min). RESULTS: The 2 aspects of pressure
stability were evaluated by measuring the mean delivered CPAP and the amplitude of pressure
swings before, during, and after leaks. The ability to maintain the delivered CPAP and the ampli-
tude of pressure swings varied greatly among the 7 ventilators before, during, and after leaks. Four
of the ventilators tested have built-in leak compensation. CONCLUSIONS: There was no simple
relationship between maintaining delivered CPAP during leaks and providing CPAP with low
pressure swing amplitude. Maintaining the delivered CPAP and providing this without pressure
swings are 2 separate aspects of pressure stability, and investigations concerning the clinical im-
portance of pressure stability should address both aspects. This study also shows that compensation
for leaks does not necessarily provide pressure-stable CPAP. Key words: continuous positive airway
pressure; intensive care; neonatal; work of breathing; ventilators; mechanical; infant newborn; equip-
ment design. [Respir Care 2015;60(7):1000–1006. © 2015 Daedalus Enterprises]

Introduction

Neonatal breathing support has included noninvasive
CPAP since the first publication by Gregory et al in 1971.1

CPAP can be delivered by nasal prongs, and nasal CPAP

is the recommended respiratory support in neonates.2 There
are several available systems for providing nasal CPAP.
Traditional systems include bubble CPAP and variable
flow CPAP generators such as Infant Flow and Medijet.
Bubble CPAP is generated using a constant bias flow with
an expiratory resistance generated by immersion of the
expiratory limb in water. Many modern ventilators are
able to provide CPAP with a noninvasive patient interface
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providing an adequate seal without leaks is an important
factor when investigating nasal CPAP systems, and exper-
imental data have shown a decrease in delivered CPAP
with leaks present.3-5

Although the subject has received interest from clini-
cians and researchers, few in vitro investigations of nasal
CPAP and leaks are available. In a static comparison of
bubble CPAP and ventilator-delivered nasal CPAP, the
ventilator showed less variation in mean delivered CPAP.
However the method did not allow determination of dy-
namic variables such as imposed work of breathing, and
the discussion focused entirely on bubble CPAP.6

Previously, we have used simulated neonatal breathing
to investigate pressure stability. Traditional nasal CPAP
systems showed an uncomplicated response to leaks: the
more pressure-stable, the less reduction in delivered CPAP.7

The ventilator-driven nasal CPAP systems have a more
complex design compared with traditional nasal CPAP
systems. We found that some of them not only delivered
CPAP but also a small pressure support, even when they
were in CPAP mode. The ventilators tested also showed
large variations in pressure stability.8

Large differences between in vitro performance of ven-
tilators have been reported for noninvasive ventilation
(NIV) in pediatric settings.9 If performance has an effect
on outcome, investigations of respiratory support using
modes such as nasal CPAP, NIV, and high frequency os-
cillatory ventilation may give conflicting results depend-
ing on the type of ventilator used. Hence, there is a need
to investigate the capabilities of systems used for respira-
tory support.

A description of nasal CPAP pressure stability during
leaks should include not only the change in mean deliv-
ered CPAP during leaks, but also the variation in pressure
across each breath. The use of the term pressure stability
may be problematic if these 2 components give conflicting
results. There have been no large studies examining the
response to leaks for ventilators providing nasal CPAP or
describing the 2 aspects of pressure stability for this ther-
apy. The aim of this pilot study was to examine the re-
sponse of ventilators delivering nasal CPAP when chal-
lenged with leaks at the patient interface.

Methods

Research was conducted at the Karolinska Institutet
(Stockholm, Sweden) and Östersund Hospital (Östersund,
Sweden). Dynamic measurements during simulated neo-
natal breathing were performed using a mechanical lung
model (ASL 5000, IngMar Medical, Pittsburgh, Pennsyl-
vania). The setup was similar to our previous studies.7,8

The lung model reproduced a flow trace from a 3.4-kg
infant (Fig. 1) in a noncompliant mode.10 The accuracy of
the mechanical lung and reproduction of flow profiles was

presented in our previous study.7 The dead space of the
lung model was 210 mL at the start of inspiration, and
compression of this volume was continuously calculated
by the software. A 22 mm T-connector added a dead space
of approximately 40 mL (10 mL for the test without leaks).
The software did not compensate for compression of this
volume.

Seven different CPAP systems with recommended tub-
ing and humidifiers were tested (Table 1). They were com-
bined with nasal prongs of appropriate size according to
the manufacturers’ guidelines. Internal diameter was used
as an additional guide to find comparable prongs. Before
starting the simulation, the CPAP level was adjusted to
4 cm H2O on the ventilator. The Engström Carestation
(GE Healthcare, Little Chalfont, United Kingdom) allowed

QUICK LOOK

Current knowledge

Noninvasive positive airway pressure is a common
method of respiratory support in infants. The success of
noninvasive support in this population is complicated
by leaks resulting in loss of airway pressure. Mechan-
ical ventilators vary in the ability to compensate for
leaks and effectively synchronize with patient demands.

What this paper contributes to our knowledge

In a lung model, when 7 ventilators were exposed to
leaks, the ability to maintain CPAP and provide low
pressure swings varied greatly. The maintenance of
CPAP and the pressure swings generated by breathing
through the device were separate aspects of pressure
stability. Some systems maintain CPAP during leaks
with large pressure swings. Compensation for leaks did
not necessarily provide a stable CPAP.

Fig. 1. The flow profiles used by the lung model from a previous
study.7 Recorded flow from a healthy male newborn weighing
3.4 kg. Breathing frequency 50 breaths/min, tidal volume 30.8 mL,
maximum inspiratory flow 100 mL/s, and I:E ratio 0.63. (Adapted
with permission from Reference 10.)
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adjustment of bias flow. The simulations were performed
with a bias flow of 8 L/min, which, in a preliminary study,
resulted in better pressure stability than the pre-set 6 L/min
(unpublished data). All tests were conducted using un-
heated and unhumidified air.

To evaluate the response of CPAP devices to leaks, a
T-piece connector with a leak adjustment valve was inter-
posed between the device and the lung model (Fig. 2). A
constant leak flow was obtained by applying a large neg-
ative pressure over the leak adjustment valve. This leak
was measured with a pneumotachometer (Fleisch No. 0;
OEM Medical, Richmond, Virginia). Simulations of leaks
(1, 2, 3, and 4 L/min) were started at breath number 30 and
stopped at breath number 45. The systems were tested
once and the recordings presented graphically (Fig. 3).
The mean and variance were calculated from consecutive
breaths from one recording.

The recorded pressures were measured in the lung model.
No pressure data were collected from the ventilator or
ventilator circuit. The delivered CPAP was defined as the
mean pressure for each breath and the ability to maintain
CPAP as the change in this variable during leaks. The
delivered CPAP before leaks was calculated for 10 con-
secutive breaths (number 18 to 27). The reduction of CPAP
during leak was calculated for 10 consecutive breaths (num-
ber 33 to 42). The amplitude of pressure swings refers to
the difference between lowest and highest pressure for
each breath and was calculated for the same consecutive
breaths as for delivered CPAP.

Recorded data were compiled using Microsoft Excel
2007 (Microsoft, Redmond, Washington) and processed in
PASW Statistics 20 (IBM, Armonk, New York).

Statistical comparison was performed using an indepen-
dent sample t test or a one-way analysis of variance with
Bonferroni corrected post hoc analysis. P � .05 was con-
sidered statistically significant.

Results

The delivered CPAP for the systems when subjected to
leak rates of 2 and 4 L/min is shown in Figure 3 and as
supplementary data, which also includes leak rates of 1
and 3 L/min (see Fig. 1 in the supplementary materials at
http://www.rcjournal.com). A pre-set CPAP of 4 cm H2O
resulted in a delivered CPAP before leak ranging from
3.6 cm H2O for the Leoni Plus (Heinen � Löwenstein,
Bad Ems, Germany) to 5.0 cm H2O with the Engström
Carestation (Fig. 4; see also Table 1 in the supplementary
materials at http://www.rcjournal.com). All comparisons
were statistically significant except between Fabian and
Avea.

Changes in Delivered CPAP

The response to leaks is shown in Figure 4 (com-
plete data available in Table 2 of the supplementary
materials at http://www.rcjournal.com). As the level of
leak increases, the delivered CPAP decreases for most ven-

Table 1. The Tested Ventilators

Ventilator Set-up Nasal prongs and type of system

Avea (CareFusion, San Diego, California) Tubing and humidifier RT 235.*
Proximal pressure measure at
prongs.

Hudson RCI† size 3 (inner diameter 3.5 mm).
Y-piece system.

Babylog VN500 (Dräger, Lübeck, Germany) Tubing and humidifier RT 235.* BabyFlow Prong L (inner diameter 3.5 mm).
Y-piece system.

Engström Carestation (GE Healthcare,
Little Chalfont, United Kingdom)

Tubing and humidifier RT 225.* BC4540 (inner diameter 3.5 mm).* Y-piece
system with adjustable bias-flow.

Evita XL (Dräger) Tubing and humidifier RT 235.* Dräger size large (inner diameter 3.5 mm).
Y-piece system.

Fabian (Acutronic, Hirzel, Switzerland) Infant Flow nasal CPAP patient
circuit‡ and humidifier
MR290.*

Size large (inner diameter 3.5 mm). Variable
flow CPAP generator, Infant Flow.‡

Leoni Plus (Heinen � Löwenstein, Bad Ems,
Germany)

Humicare 200 with disposable
tubing.§

NJ1500–22 large (inner diameter 3.3 mm).
Variable flow CPAP generator, NJ2000HL.

Servo-i (Maquet, Solna, Sweden) Tubing and humidifier RT 235.* 1200–22 x-med (inner diameter 3.4 mm).�
Y-piece system.

Simulations were performed with connectors and nasal interface from the producer of the tested ventilator, except where another manufacturer is indicated in footnote.
* Fisher & Paykel Healthcare, Auckland, New Zealand
† Teleflex Medical, Durham, North Carolina
‡ Viasys, Palm Springs, California
§ Gründler Medical, Freudenstadt, Germany
� Medin Medical Innovations, Puchheim, Germany
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tilators. Avea showed no reduction at 3 L/min. Fabian
(statistically nonsignificant 2–3 L/min) and Servo-i (sta-
tistically nonsignificant 2–3 L/min) showed no decrease
between the 2 levels of leak. The Fabian (Acutronic, Hir-
zel, Switzerland), Avea (CareFusion, San Diego, Califor-
nia), and Servo-i (Maquet, Solna, Sweden) produced the
least reduction in delivered CPAP.

Four of the ventilators incorporate built-in leak com-
pensation, resulting in a gradual compensation for the ini-
tial drop in delivered CPAP (Fig. 4). When the leak was
stopped with these ventilators, a transient overshoot of the
delivered CPAP was observed. The Fabian and Avea ven-
tilators showed compensation in less than 5 breaths, whereas
the Babylog VN500 (Dräger, Lübeck, Germany) and Eng-
ström Carestation ventilators did not return to the pre-leak
delivered CPAP after 15 breaths.

Amplitude of Pressure Swings

The amplitude of pressure swings varied greatly among
the tested ventilators, before, during, and after leak (Fig. 3;
complete data available in Table 2 of the supplementary
materials at http://www.rcjournal.com). The smallest am-
plitudes of pressure swings were recorded for the Fabian,
Evita XL (Dräger), and Servo-i ventilators (both with and
without leak). Pre-leak pressure swings varied between
1.4 cm H2O (Fabian) and 8.5 cm H2O (Leoni Plus) (Fig. 3;
all comparisons were statistically significant except be-
tween Evita XL and Servo-i). The response to leak varied.
An increase in amplitude of pressure swings was found in
Fabian (low absolute values), Engström, and VN500. Other
ventilators showed either no change or minor increase
(Avea, Evita XL, Leoni Plus, and Servo-i).

Fig. 2. Experimental setup with an example of data recorded. A: The ventilator was connected to the lung simulator with the dedicated nasal
CPAP (NCPAP) system. B: A constant leak was started at breath 30. The CPAP level and the amplitude of pressure swings (P swing) were
determined before and during leak. The recording show an example of a reduction in delivered CPAP (�CPAP) and an increase in amplitude
of pressure swings during leak.
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Two ventilators (Engström and VN500) showed in-
creased amplitude of pressure swings with increasing lev-
els of leak (statistically significant in all comparisons of
increasing leak), while others (Avea, Evita XL, Fabian,
Leoni Plus, and Servo-i) showed either no change or minor
increases in amplitude of pressure swings.

Discussion

The ability to maintain the pre-set CPAP level during
leaks differed considerably among the ventilators (Fig. 4).
Some (eg, Avea) managed to keep delivered CPAP almost
unchanged. Four ventilators responded to leak with vary-
ing degrees of compensation, whereas 3 showed no sign of
compensation. No ventilator allowed adjustments for leak
compensation. We do not know whether leak compensa-
tion is an intended feature or just a consequence of trying
to maintain adequate CPAP level.

In terms of the amplitude of pressure swings, marked
differences among the systems were observed before leak
was started. This has been described and discussed in our
previous study.8 During leak, the amplitude of pressure
swings was affected to varying degrees or virtually un-
changed for some ventilators (eg, Evita XL).

Our previous study of traditional CPAP and leak showed
that systems with a lower amplitude of pressure swings
also showed less reduction in delivered CPAP when ex-
posed to leaks.7 This uncomplicated relationship could not
be seen in the tested ventilators of this study. There are
ventilators that maintain delivered CPAP during leaks but
do so with large pressure swings (eg, Engström Care-
station). Other systems, such as Evita XL, showed lower
amplitude of pressure swings but a larger reduction in
delivered CPAP during leaks. When combining the re-
sults, we could not identify a clear pattern. This was an
unexpected finding and will make future research on nasal
CPAP delivered by ventilators complex. The explanation
for the differences in performance are most likely related
to interactions between flow and pressure sensors, valves,
tubing, interface, and algorithms.

Limitations

The main limitation with in vitro studies is the obvious
difference between the test conditions and the clinical set-
ting. The ventilators in this study were challenged by con-
stant leak. In clinical use, the leak would be variable and
depend on several factors, such as mouth opening and the

Fig. 3. Pressure response for systems during leak. Pressure change during constant leak (A: 2 L/min leak and B: 4 L/min leak) applied
between breath number 30 and 45 (black bars) at a set CPAP of 4 cm H2O. Delivered mean CPAP is indicated by black points. Vertical bars
indicate highest and lowest pressure for each breath, and the height of the bar represents amplitude of pressure swings for that breath.
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seal at the nasal interface. Using a variable leak would
have made comparisons among systems difficult, because
the leak would not be comparable and influenced by both
the CPAP level and the pressure stability of the system. In
a clinical setting, there is a probable interaction among
pressure stability, CPAP level, and a variable leak. The
latter will certainly increase during expiration and be ag-
gravated by unstable CPAP. Our results should not be used
for clinical recommendations, since neither leak nor pres-
sure stability has proven to be clinically important. This
uncertainty does not imply that the uneven performance is
unimportant but should warrant further clinical research
on the influence of ventilator performance.

The ventilators were tested with one breath profile and
at one CPAP level. The response to other patterns of breath-
ing may be different, and the small pressure support de-
livered by some ventilators may give asynchronies under
some conditions. The CPAP level of 4 cm H2O was cho-
sen to allow comparison with our previous study of con-
ventional CPAP systems.7

The pressure fluctuation during one simulated breath
was examined by the amplitude of pressure swings. This
variable was used, as it is less complex than other mea-
surements such as the pressure-time product or imposed
work of breathing. The low level of pressure support pro-
vided by some ventilators makes it very difficult to cal-
culate measures such as imposed work of breathing. De-

tailed investigation of these systems requires methods for
detection and quantifying pressure support, which were
unavailable.

The measured variables in this study have low variance.
This was expected, as mechanical lung models allow sta-
ble measuring conditions. The low variance means that
comparisons of tests are often statistically significant, even
at levels that are clinically unimportant.

Clinical and Research Implications

In contrast to our previous investigations of traditional
CPAP systems, this study showed that maintaining deliv-
ered CPAP and minimizing pressure swings are 2 different
and unlinked aspects of pressure stability.7 Future studies
should investigate and consider them separately.

The ventilators that provided leak compensation showed
mixed results for the reduction in CPAP during leak and
amplitude of pressure swings. We conclude that the phrase
leak compensation is no guarantee for a more pressure-
stable system.

The clinical importance of maintaining delivered CPAP
and avoiding excessive pressure swings is poorly investi-
gated. However, the pronounced disparities between dif-
ferent systems revealed in this study might be important.
The physiological response and complications during
CPAP treatment probably correlate to pressure changes at

Fig. 4. Delivered mean CPAP change during leak. Delivered mean CPAP change during constant leak (1–4 L/min) applied between breath
number 30 and 45 (black bars) at a set CPAP of 4 cm H2O. Simulations without leak (0 L/min) were included as baseline reference. The
ventilators in the top row compensate for leak.
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different parts of a breath. This could generate several
research questions: Are high peak pressures correlated with
pneumothorax or barotrauma? Is a large pressure decrease
during inspiration associated with collapse and atelec-
trauma (repeated opening and closing of lung units)? Is the
overall imposed work of breathing correlated with failure
on nasal CPAP?

If pressure stability is essential, generalizing results from
a study using one particular ventilator might not be appro-
priate. Furthermore, the use of CPAP systems with differ-
ent pressure stability characteristics in clinical trials im-
plies a risk of attenuating the clinical effect. Findings such
as ours point to the need to take CPAP system perfor-
mance into account when designing and interpreting clin-
ical studies. The large differences in performance among
ventilators have also been investigated in other modes such
as pediatric NIV.9 There are several clinical studies that do
not discuss the effect that uneven performance might have.
For the neonatal population, this includes large pragmatic
studies using nasal CPAP treatment in the control group.11,12

Conclusions

When exposed to leaks, the ability to maintain mean
CPAP and provide low amplitude of pressure swings var-
ied greatly among the 7 ventilators. The study shows that
during leak the 2 aspects of pressure stability can give
conflicting results. The maintenance of mean CPAP and
the pressure swings generated by breathing through the
device are separate aspects of pressure stability. There are
systems that maintain mean CPAP during leak but do so
with large pressure swings. This study also shows that
compensation for leak does not necessarily give pressure-
stable CPAP.

This study as well as our previous research has shown
large differences in performance of CPAP systems. The
results should be used as an initial basis for interpreting
performance and outcome of nasal CPAP systems and not
as a guide for making clinical decisions. They should also
encourage researchers to reflect on the performance of the
systems used in clinical trials and discuss the impact this
could have on outcome.
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