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Abstract

Background: Bubble CPAP may be used in infants with sus-
pected or confirmed COVID-19. Electrostatic filters may re-
duce cross infection. This study aims to determine if includ-
ing a filter in the bubble CPAP circuit impacts stability of
pressure delivery. Methods: A new electrostatic filter was
placed before (pre) or after (post) the bubble CPAP genera-
tor, or with nofilter (control) in an in vitro study. Pressure was
recorded at the nasal interface for 18 h (6 L/min; 7 cm H,0)
on 3 occasions for each configuration. Filter failure was de-
fined as pressure >9 cm H,0 for 60 continuous minutes. The
filter was weighed before and after each experiment. Re-
sults: Mean (SD) time to reach the fail point was 257 (116)
min and 525 (566) min for filter placement pre- and post-
CPAP generator, respectively. Mean pressure was higher
throughout in the pre-generator position compared to con-
trol. The filter weight was heavier at end study in the pre-
compared to the post-generator position. Conclusions:
Placement of the filter at the pre-generator positionin a bub-

ble CPAP circuit should be avoided due to unstable mean
pressure. Filters are likely to become saturated with water
over time. The post-generator position may accommodate a
filter, but regular pressure monitoring and early replace-

ment are required. © 2020 S. Karger AG, Basel

Introduction

SARS-CoV-2 originated in Wuhan, China, in Novem-
ber 2020 [1]. The clinical disease, COVID-19, was de-
clared a global pandemic by WHO in March 2020 [2].
Data on neonatal infection with SARS-CoV-2 are limited
[3-5]. The need for respiratory support in infants with
COVID-19 is uncertain.

Continuous positive airway pressure (CPAP) has been a
cornerstone treatment of neonatal respiratory distress syn-
drome for >40 years. CPAP use has extended in recent years
to include infants with viral respiratory disease [6]. Bubble
CPAP is a popular means of providing respiratory support
in these infants. The expiratory limb of the bubble CPAP
circuit vents through an underwater seal [7], creating bub-
bles. The resulting pressure oscillations are transmitted

karger@karger.com
www.karger.com/neo

© 2020 S. Karger AG, Basel

el
Karger~

Jonathan W. Davis

University of Western Australia, ¢/o Perth Children’s Hospital
15 Hospital Avenue, Nedlands

Perth, WA 6009 (Australia)

jonathan.davis @ uwa.edu.au



back to the nares and to the lung; hence, the bubbling deliv-
ers a variable rather than constant pressure [8]. These pres-
sure oscillations (frequency) may improve acute respiratory
mechanics compared to constant delivery pressure conse-
quent to recruitment of atelectatic alveoli [7-11].

CPAP generates aerosols and therefore may promote
transmission of viral particles [12, 13]. Electrostatic filters
remove viruses from expired gas, offering protection to
health care staff and are recommended in international
guidelines [14]. Manufacturers of electrostatic filters rec-
ommend electrostatic filter replacement every 24 h [15].
One reason for these recommendations is the possibility
of moisture saturation of the electrostatic filter which
would increase resistance to airflow, increasing circuit
pressure and work of breathing. We hypothesized that
progressive moisture saturation of an electrostatic filter
placed in humidified bias flow would result in increased
circuit pressure. We aimed to determine how the place-
ment and position of an electrostatic filter in a bubble
CPAP circuit impacts the magnitude and stability of the
delivered pressure in an in vitro model.

Methods

An in vitro study was conducted at the University of Western
Australia in April 2020. A simulated in vitro neonatal lung on a
bubble CPAP model was created by connecting a test lung (Dréger,
Lubeck, Germany) to a bubble CPAP generator (Fisher & Paykel,
Auckland, New Zealand). An infant nasal CPAP cannula (Size 4,
Hudson RCI, Teleflex, Morrisville, NC, USA) was interfaced be-
tween the bias flow circuit and the test lung. Humidified bias flow
(MR290; Fisher & Paykel, Auckland, New Zealand) was set at 6 L/
min (of air). CPAP was measured at the proximal pressure line con-
nector of the CPAP cannula using a physiological pressure trans-
ducer and dome (MLT844; ADInstruments, Sydney, Australia).
The bubble CPAP generator and humidifier were set below the test
lung, which was maintained on a radiant-heated neonatal cot (Co-
sy-Cot; Fisher and Paykel, Auckland, New Zealand). The CPAP
generator was positioned below the circuit to promote free water
drainage into the generator throughout the experiment without
regular intervention. The cot warmer was set at 75% of maximum
heat setting on the manual mode. Environmental ambient temper-
ature was 23.9-24.7°C throughout the recording periods.

Filter Placement

A DAR™ pediatric-neonatal electrostatic filter (size: small; Co-
vidien, Mansfield, MA, USA) was placed at one of 2 points in the
breathing circuit: on the CPAP probe immediately before the exit
of the bias flow into the water column (pre-generator; Fig. 1b) or at
the bias flow exit point, normally used as the water inlet (post-gen-
erator; Fig. 1c). A new filter was used for each experimental repeat
and was weighed before and after each trial. A bubble CPAP circuit
without a filter was used as the control (Fig. 1a) for the 2 experi-
mental arms. Each filter position and control was repeated 3 times.
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Signal Recording

The pressure signal was amplified, digitized (ML880; Power-
Lab ADInstruments, Bella Vista, NSW, Australia), and recorded
continuously for 18 h (LabChart 8, ADInstruments, Bella Vista,
NSW, Australia) onto a laptop computer. This duration was cho-
sen to reflect likely clinical exposure while remaining within the
manufacturer’s maximum recommended period for use (24 h).
Pressure and frequency data were collected at 5-min intervals in
10-s epochs at a sampling frequency of 1 kHz.

Analysis

The filter position fail point was defined as a mean pressure
exceeding 9 cm H,O for >60 continuous minutes. Mean pressure
variability in a no-leak bubble CPAP system is 25% greater than
the set pressure [16]. Our fail point allowed a 25% increase on top
of the set pressure to the nearest integer. The mean pressure and
pressure difference (AP) of the bubble oscillations for each group
(pre-generator, post-generator, and control) were compared
across the 18 h using a two-way repeated measures ANOVA with
Holm-Sidak post hoc correction. The frequency oscillations,
unique to bubble CPAP, were assessed by transforming the mean
pressure time series recording into the frequency domain using
power spectral analysis. The mean frequency at the maximum
power signal of the 3 circuit configurations was compared using a
two-way repeated measures ANOVA with Holm-Sidak post hoc
correction. Filter weight and water volume in the circuit and over-
flow were compared by an unpaired Student’s ¢ test and one-way
ANOVA, respectively. p values were assessed at a 0.05 significance
level by SigmaPlot (Systat, Inc., Santa Clara, CA, USA).

Results

CPAP Fail Point

Failure to maintain mean pressure below 9 cm H,O
occurred for 3 tests of the pre-generator and 2 of the 3
tests of the post-generator position. The mean (SD) time
to the fail point in pre-generator position was 257 (116)
min and 525 (566) min for post-generator position. Mean
pressure did not reach the fail point in the control group.

Mean Pressure, AP, and Frequency

The mean pressure with the filter in the pre-generator
position increased progressively throughout the experi-
ment and was significantly greater than control in 15 of
the 18 h of the study. AP was lower with the filter in the
pre-generator position from 3 h after study commence-
ment. In contrast, the increase in mean pressure with the
filter at the post-generator position was not significant
compared to control. Post-generator AP was significantly
lower than control only at hours 8, 12, and 17. The mean
frequency at maximum power was similar for all circuit
configurations (Fig. 2a-f).
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Fig. 1. Filter placement. Control, standard setup (a); pre-generator expiratory limb (b); and post-generator at

point of flow exit into environment (c).

Table 1. Filter weights and volumes of water removed from the circuit

Filter position

control pre-generator post-generator
(n=3) (n=23) (n=23)

Baseline
Filter dry weight, g - 8.8+0.1 8.9+0.1
End study
Filter weight, g - 11.9+0.2° 10.8+0.1%%
Water removed from circuit, mL 4.0 (3.0) 2.5(3.5) 2.0 (1.5)
Water removed from overflow, mL 0 (10) 1(6) 160 (20)*

Median (range).  p < 0.05 compared to dry weight (baseline) for same filter position. $ p < 0.05 compared to
pre-generator at study end. * p < 0.05 compared to control and pre-generator.

Filter Weight

Filter weights before and after use are reported in Ta-
ble 1. for both circuit filter positions. The filter weight was
significantly heavier in the pre-generator compared to
the post-generator position at the end of the study. Sig-
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nificantly more water accumulated in the generator over-
flow in the post-generator positions compared to the pre-
generator position and the control position. Inclusion of
afilter did not alter the volume of water that accumulated
in the CPAP circuit.
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Fig. 2. Mean pressure (a-b), AP (c-d), and frequency (e-f) over time for the filter positions and control: no filter
(none, black square), pre-generator (pre, open triangle), post-generator (post, open circle). Data points are mean
(SD) for n = 3/group. The fail points for the respective filter position are represented by a vertical dashed line.
*p <0.05.
Discussion mediately before the CPAP generator, compared to later

The placement of an electrostatic filter in a bubble
CPAP circuit changes the stability of pressure delivery.
Positioning of the filter either immediately before or after
the bubble generator increases the mean pressure deliv-
ered above a predefined fail point. Filter failure occurs
earlier and is sustained when the filter is positioned im-
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and intermittent failure when placed in the post-genera-
tor position (point of exit of flow into the environment).
Incorporation of a filter did not change the mean fre-
quency of the maximum power in the oscillatory pressure
waveform. The filter become more saturated with water
when positioned in the pre-generator versus post-gener-
ator position.

Davis/Pillow/Cooper/Dahl



Placement of a filter in a bubble CPAP circuit reduces
water accumulation within the circuit; however, the filter
increases in weight over time, indicative of water absorp-
tion by the filter. Filter saturation increases resistance
[17]. This may explain the increased mean pressure and
dampened pressure waveform with the filter in the pre-
generator position. Microbial filters marginally increase
the imposed work of breathing measured over 18 breaths
across a range of non-humidified respiratory support de-
vices [18]. In comparison, our recordings were in a hu-
midified system and were conducted over an extended
period (18 h); using this more clinically applicable setting
we clearly show that time and humidification affect mean
pressure when the circuit configuration includes an elec-
trostatic filter, especially when the filter is positioned pri-
or to the bubble generator.

Few studies report the volume of airway condensate in
infants on CPAP. The estimated median exhaled rate of
breath condensate production in moderately preterm in-
fants receiving nasal CPAP is 0.07 mL/min [19]. If extrapo-
lated over 18 h, the exhaled breath condensate would equate
to 75 mL of additional liquid into the breathing circuit. This
estimated condensate volume is substantially more than
that measured in the experiments reported here. The lower
volume of breath condensate in our study may be due to the
in vitro nature of the study, which did not include a contri-
bution of expired gas from the lung. The added contribu-
tion of humidified exhaled air may saturate the electrostat-
ic filter sooner when used in the clinical setting. Thus, the
clinician needs to be aware that filter changes may be re-
quired even sooner than suggested by our study to avoid
potentially adverse increases in circuit pressure due to in-
creased expiratory resistance through the saturated filter.

A highly variable or noisy pressure waveform is char-
acteristic of bubble CPAP. Similar to high-frequency os-
cillatory ventilation, the amplitude of the bubble CPAP
pressure waveform (AP) is a fundamental determinant of
carbon dioxide clearance [7, 20]. The variable pressure is
also fundamental for stochastic recruitment of collapsed
alveoli [7-11]. Bubble CPAP improved measures of acute
respiratory mechanics and reduced lung injury compared
to constantly delivered CPAP in preterm lambs [7].
Damping of the AP with the filter in the pre-generator
position would reduce the efficacy of bubble CPAP for
gas exchange and alveolar recruitment.

Although the in vitro nature of this study may be con-
sidered a limitation, such models are used widely for de-
scribing the performance of respiratory support devices, in-
cluding neonatal respiratory support modalities [16, 18,
21-24]. Our in vitro experimental setup was a sealed circuit,
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measuring the stability of pressure without considering
leak. Clinically, bubble CPAP pressure delivery is deter-
mined by the bias flow and degree of leak at the nares, as
well as the degree of mouth closure [16]. Many neonatal
units aim to minimize leak by using chin straps (to keep the
mouth closed) and colloid dressings over the nares that not
only reduce nasal trauma but also markedly reduce leak at
the nasal interface. The instability of the delivered pressure
over time should concern clinicians considering the use of
such filters when treating premature infants with bubble
CPAP, particularly when positioning the filter immediately
before the bubble CPAP generator chamber.

The transmission of SARS-CoV-2 to health care work-
ers is a major concern in the current pandemic [25]. Neo-
nates are at risk of COVID-19, although evidence of in-
fection is sparse. Newborns of mothers with confirmed or
suspected COVID-19 require precautions as recom-
mended in recent published international guidelines [26].
Filters reduced the expired viral load from ventilator cir-
cuits when tested in previous pandemics [27, 28] and are
recommended by several international societies [29, 30].
However, it is essential to consider how such filters im-
pact the efficacy of the respiratory support and to iden-
tify required changes in clinical practice, such as frequen-
cy of filter exchange, to ensure safety of both health care
workers and the patient.

We conclude that the addition of an electrostatic filter
into the circuit of a bubble CPAP system must be under-
taken with extreme caution. The clinical impact of such fil-
ters may be the unstable and unintended delivery of exces-
sive airway pressure resulting in unwanted side effects such
asair leak. Placement of a viral filter in the expiratory circuit
immediately before the bubble CPAP generator chamber is
not recommended. The excessive drift in mean pressure de-
livery and damping of the pressure waveform with the filter
in this position presents a safety risk for the infant that out-
weighs the benefit of preventing cross infection. The addi-
tion of the filter at the flow exit point for the CPAP genera-
tor (post-generator) may be acceptable but requires moni-
toring of the pressure in the circuit at regular intervals. The
manufacturer of this filter reccommends changing it every
24 h. Based on the data presented, changing the filter at least
every 12 h, and likely every 8 h, should be considered when
used in bubble CPAP.
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