PEDIATRIC CRITICAL CARE MEDICINE

Bubble Continuous Positive Airway Pressure Oxygen Therapy
in Children Under Five Years of Age with Respiratory Distress
in Pediatric Intensive Care Unit

Lalitha AV'", Chandrakant G Pujari?”, John Michael Raj*
Received on: 21 June 2023; Accepted on: 22 September 2023; Published on: 30 October 2023

ABSTRACT

Background: Continuous positive airway pressure (CPAP) has been used in children with bronchiolitis for a long time. Currently in the low-
resource settings, the method of providing oxygen therapy via bubble CPAP (bCPAP) to children with respiratory distress is not standardized
and the existing low-flow oxygen therapy has a high mortality rate.

Objectives: To study the effectiveness and safety of bCPAP as a respiratory support in children with respiratory distress.

Materials and methods: This prospective observational study was conducted in a tertiary care pediatric intensive care unit (PICU) over a period
of 3 months. Children with respiratory distress were administered with bCPAP oxygen therapy. Baseline demographic data, such as age, sex,
weight, severity of illness was collected. Changes in heart rate, respiratory rate, saturation, respiratory distress score and failure rate after bCPAP
therapy were studied.

Results: During the study period, 30 children were recruited. Most common cause of respiratory distress requiring bCPAP was pneumonia (66.7%)
followed by pleural effusion (20%) and bronchiolitis (13.3%). The median (IQR) CPAP duration and PICU stay in the study was 48 hours (27-48)
and 4 days (4-8), respectively. Heart rate and respiratory rate, respiratory distress score improved significantly after CPAP therapy (p < 0.05).

CPAP therapy failed in one child and required invasive ventilation. We did not observe any complications due to bCPAP therapy.
Conclusion: The use of bCPAP in the treatment of respiratory distress is safe and effective.
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HIGHLIGHTS

Currently in the low resource settings, oxygen therapy via
bubble CPAP (bCPAP) to children with respiratory distress is not
standardized. Continuous positive airway pressure (CPAP) delivery
through indigenous bCPAP is safe and effective with added
advantage of easy titration and quantification of delivered CPAP
and FiO,.

INTRODUCTION

In India, pneumonia and other acute lower respiratory infections
(ALRI) are the leading contributors to serious iliness and death.'
Pneumonia s currently the leading cause of death among children
worldwide, and India has a huge burden of childhood pneumonia
than any other country, accounting for 20% of deaths worldwide
from the disease.?

Hypoxemia is the greatest risk factor for pneumonia-related
mortality, and oxygen therapy can significantly decrease
pneumonia-related mortality.3> However, despite the provision
of oxygen, antibiotics, and supportive care, case-fatality rate of
severe pneumonia with hypoxemia remains high in developing
countries (8-11%)° In conjunction with oxygen therapy, CPAP
may play a pivotal role in treating ALRI with respiratory distress.
Continuous positive airway pressure has long been studied in
children with bronchiolitis, neonates with respiratory distress
syndrome, meconium aspiration syndrome, and prematurity-
related apnea.” The airway pressure is assumed to reduce the

2Department of Pediatric Critical Care Unit, St. John's Medical College
and Hospital, Bengaluru, Karnataka, India

3Department of Biostatistics, St. John’s Medical College and Hospital,
Bengaluru, Karnataka, India

Corresponding Author: Lalitha AV, Department of Pediatric Critical
Care Unit, St. John’s Medical College and Hospital, Bengaluru,
Karnataka, India, Phone: +91 9448461673, e-mail: drlalitha03@gmail.
com

How to cite this article: Lalitha AV, Pujari CG, Raj JM. Bubble Continuous
Positive Airway Pressure Oxygen Therapy in Children Under Five Years
of Age with Respiratory Distress in Pediatric Intensive Care Unit. Indian
J Crit Care Med 2023;27(11):847-854.

Source of support: The research is funded by Biodesign Innovation
Labs Pvt. Ltd and they had no role in study design, data collection and
analysis, or decision to publish.

Conflict of interest: None

inspiratory resistance, improve the work of breathing, and alveolar
ventilation.®

There are numerous methods for administering CPAP, and
bCPAP being one of them. There is limited data from the Indian
subcontinent on the usage of bCPAP in children with respiratory
distress. In this pilot study, we explored the safety and utility of bCPAP
in children with respiratory distress. In addition, we compared the
effectiveness of bCPAP therapy to high-flow nasal cannula therapy.
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Fig. 2: PAP valve specification

MATERIALS AND METHODS

This was a prospective observational study conducted over 3
months (March 2019 to May 2019), in a 12-bed PICU of an academic
and referral hospital. The study was reviewed and approved by
the Institutional Ethics Committee (IEC) (142/2019) and clinical trial
registry-India (CTRI/2021/08/035409). Written informed consent was
obtained from the parents/ guardians.

Children from 6 months of age to 60 months of age, with
difficulty in breathing, fast breathing (respiratory rate >50/min in
6-11 months, >40/minute if ages 12-59 months) or with hypoxemia
(SpO, <90%) or respiratory distress despite oxygen therapy were
recruited in the study. Severity of respiratory distress was assessed
by the following variables - respiratory rate, air entry, retractions,
grunt, saturation in room air and level of consciousness. Modified
Wood-Downes score was used to grade the severity.” Children with
congenital heart disease, chronic lung disease or immediate need
for invasive respiratory support were excluded.

Device Description

The ResPAP™ Kit consists of an air flow unit (AFU), a pressure
generator (PAP valve) and a nasal interface. When assembled,
the nasal interface is attached to the patients’ nares and one
end of the AFU is connected to the air/oxygen supply (Fig. 1). Gas
passes through the AFU to the nasal prong and to the patient. The
clinician can provide noninvasive positive pressure ventilation, by
regulating the gas flow to the circuit and the magnitude of the
positive pressure can be controlled by adjusting the regulator in
the PAP valve (Fig. 2). The flow rate was initiated at 5 liters/minute
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and gradually increased to 8-10 liters/minute to deliver the CPAP
effect. The oxygen blender was used to titrate the fraction of
inspired oxygen (FiO,) to maintain the SpO, >94%. The ResPAP
circuit was tested for consistency in delivering pressure and it was
shown to provide pressure values consistent with the value set at
the PAP regulator with an error range of +/-0.3 cm H,O pressure.
Details of device design and validation are provided in Annexure 1.

Therapy was continued for at least 24 hours and weaning was
considered after sustained improvement in the respiratory distress
score (RDS) for at least 6—8 hours. Failure of bCPAP was defined if
Sp0, <94% on FiO, >60% with CPAP >8 cm H,O at any time or severe
respiratory distress requiring invasive ventilation. Vital parameters
were monitored hourly and bCPAP flow circuit was checked for
leakage and underwater bottle for bubbling. In addition, children
receiving bCPAP therapy were monitored for complications such as
air leaks, pneumothorax, and local redness. Baseline demographic
data, such as age, sex, weight, PRISM lll scores, and relevant blood
tests if any available were collected in predesigned proforma. The
following data were collected prospectively after initiating and
at 1, 6, 24, 36, and 48 hours of bCPAP: heart rate, respiratory rate,
SpO,, and RDS. Blood gas analysis was done before the initiation
of bCPAP in all children and repeated 6 hours after the initiation
of the therapy. Total duration of bCPAP therapy and complications
if any and length of ICU were captured. Patients were followed
up till hospital discharge. All patients admitted to the PICU with
respiratory distress during the study period received therapies as
per our unit protocol.

The data were compared with the cohort of age, sex, and PRISM
Il score-matched children treated for respiratory distress with high-
flow nasal cannula (Fisher & Paykel Healthcare Airvo2) admitted
from June to August during the same year.

Statistical Analysis

All parameters that were collected and relevant were summarized
by descriptive statistics, such as mean + SD or median (IQR) for
symmetric or nonsymmetric shape of continuous variables,
respectively. However, qualitative data were summarized by
frequency and percentage. Further parameters of interest were
compared between bCPAP and high-flow humidified nasal cannula
(HFNC) groups. Mean was compared by independent t-test for
symmetric shape of distribution, otherwise Mann-Whitney test
was used for the median. A Chi-square test of independence was
used to compare the proportions of different levels of categorical
parameters between bCPAP and HFNC groups. Linear mixed model
analysis was performed to compare the changein the trend of heart
rate, respiratory rate, and RDS over 72 hours of ICU stay between
bCPAP and HFNC. p < 0.05 is considered statistically significant.
The statistical software StataCorp. 2019. Stata Statistical Software:
Release 16. College Station, TX: StataCorp LLC was used to analyze
and visualize the data.

REesuLTs

A total of 52 children with respiratory infections were admitted
to PICU. At the time of admission, bCPAP was administered in 20
children, and a low-flow oxygen device (simple face mask and nasal
prongs) was used in 18 cases. 10 children (55%) on low-flow device
were shifted to bCPAP for worsening distress. Four children (age >5
years) were treated with high-flow nasal canula, 10 patients were
invasively ventilated and low-flow oxygen device (simple face mask
and nasal prongs) was continued in 8 cases. The total number of
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children requiring bCPAP was 30. The median (IQR) age of study
group was 24 months (11-48) with 60% males. The most common
cause of respiratory distress requiring bCPAP was pneumonia
(66.7%) followed by pleural effusion (20%) and bronchiolitis (13.3%).
The median (IQR) CPAP duration in the study was 48 (27-48) hours.
One child failed bCPAP therapy after 6 hours requiring ventilation.
Blood gas analysis was done before the initiation of bCPAP in
all children, 9 of them had PaO, less than 80 mm of Hg and the
remaining had normal PaO, and PCo,. The most common chest
X-ray finding was bilateral alveolar infiltrates (Table 1). The median
duration of PICU stay was 4 (4-5) days.

The median (IQR) RDS gradually improved to 3.8 (3.4-4),
3.4 (3-3.6) and 1.8 (1.5-2.1) at 1 hour, 6 hours, and at 48 hours,
respectively. Likewise, we observed significant (p < 0.05) improve-
ment in the heart rate and respiratory rate at 1 hour, 6 hours, and
48 hours after commencing bCPAP therapy. No complications were
observed in the study group.

On further analysis between HFNC and bCPAP group, we noted
no significant difference in baseline parameters (Table 2). Although
we found that there was a steady decrease in the heart rate and
respiratory rate in both the groups over 48 hours, the rate of decline
was faster in HFNC group during initial 12 hours (Fig. 3). On the
contrary, there was no difference in the improvement in oxygen
saturation and RDS between the groups. No significant difference
was observed in the median PICU stay between nasal bCPAP and
HFNC group [4 days (4-8) vs 4 (3-5)] (Table 2).

Table 2: Comparison between bubble CPAP and HFNC group

Discussion

In our study, we noted that bCPAP was well tolerated and easily
administered. Except for one, all were successfully treated.

Table 1: Baseline characteristics in bubble CPAP group

Total (N = 30)

Age in months, median (IQR) 24 (11-48)
Sex

Female 12 (40%)

Male 18 (60%)
Indications

Pneumonia 20 (66.7%)

Bronchiolitis 4(13.3%)

Pleural effusion 6 (20%)
Chest X-ray features

Consolidation 5

Infiltrates 18

Pleural effusion 8
CPAP duration in hours, median (IQR) 48 (27-48)
CPAP failure 1(3.33%)
Complications 0
PICU stay in days, median (IQR) 4 (4-5)

CPAP, continuous positive airway pressure; IQR, interquartile range; PICU,
pediatric intensive care unit

Bubble CPAP (n = 30) HFNC (n =30) p-value

Duration of PICU stay median (IQR) 4 (4,5) 4(3,5) 0.47
Respiratory rate (per min) at admission, Mean (standard deviation) 39(12) 43 (13) 0.4
Heart rate (per min) at admission, Mean (standard deviation) 124 (23) 128 (22.5) 0.3
Diagnosis

Pneumonia 20 (66.7%) 22 (73.3%) 0.5

Bronchiolitis 4(13.3%) 6 (20%) 0.6

Pleural effusion 6 (20%) 2 (6.7%) 0.3
Duration of support in hours, median (IQR) 48 (27-48) 40 (30-48) 0.5
Treatment failure 1(3.3%) 1(3.3%) 0.6

CPAP, continuous positive airway pressure; HFNC, high-flow nasal cannula; IQR, interquartile range; PICU, pediatric intensive care unit
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Figs 3A and B: Graph depicting response of heart rate and respiratory rate after initiation of CPAP and HFNC

CPAP, continuous positive airway pressure; HFNC, high-flow nasal cannula
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As a mode of respiratory support, bCPAP is widely studied in
neonates. Randomized study compared bCPAP with ventilator
delivered CPAP in preterm found no difference in the work
of breathing and respiratory parameters in both groups.'® A
retrospective study by Lee et al. concluded that the initiation of
bCPAP in the delivery room reduced the number of ventilated
days." In resource-limited setting, bCPAP is utilized as the first line
respiratory support in newborns due to better safety profile, easy
to administer and cost.'*'*

There is insufficient data to contemplate the beneficial effects
of bCPAP in children with respiratory distress and it is mostly
studied in the treatment of bronchiolitis.'>"'® CPAP delivered via a
mechanical ventilator may not be available in most health facilities
in developing countries. Anitha et al.'® used flow inflating device
(Mapleson D and F circuits) as an indigenous way of providing CPAP
and found successful in 89.7% of the study population. Children with
bronchiolitis (98.3%) were successfully managed with CPAP but the
amount of CPAP and FiO, could not be titrated. In a study by Jayshree
et al.” CPAP was delivered using a bubbling circuit and the height
of the water column was adjusted to titrate the amount of CPAP. In
our study, CPAP was delivered using ResPAPTM kit (indigenously
prepared by Biodesign Innovation Labs Pvt Ltd) and accurate amount
of CPAP was delivered by adjusting the regulator in the PAP valve.

Increased transpulmonary pressure generated by CPAP
prevents the collapse of small airways during the expiration’ and
italso abolishes the airway occlusion and improves diaphragmatic
tone.®

In the present study, improvement in the heart rate, respiratory
rate, and RDS was noted after commencing bCPAP. A study from
the resource-limited setting by Jayashree et al.” used bCPAP in
110 patients. The mean fall in respiratory rate in the bCPAP group
at 2 and 6 hours was 6.3 + 4.7 (4) and 12.1 £ 5.3 (10) (p = 0.001),
respectively. Prospective observational study by Pulsan et al.?°
on 64 children also observed improvement in RDS and SpO, after
the initiation of CPAP therapy. We compared the rate of decline
in the heart rate and respiratory rate between bCPAP and HFNC
group. We found that there was a steady decline in the heart rate
and respiratory rate in both the groups over 48 hours although
the decline in the heart rate and respiratory rate during the initial
12 hours was favorable in the HFNC group than the bCPAP group.
Retrospective study by Metge et al.”® compared nasal CPAP (nCPAP)
to HFNC in infants with acute bronchiolitis and found no difference
with respect to respiratory rate and heart rate response. However,
a study by Pedersen MB et al.'” observed that CPAP was superior
to HFNC in reducing respiratory rates. On the contrary, results from
prospective, randomized, open-label pilot study by Mihir S et al. on
31 children suffering from bronchiolitis showed HFNC was better
tolerated than CPAP (delivered via ventilator) in decreasing the heart
rate and lower incidence of nasal injury (46.66% vs 75%; p = 0.21).2

There was no significant difference in median PICU stay between
the two groups in the present study. The result is comparable to
the previous study.” Randomized controlled trial (RCT) by Cesar RG
et al.'® on infants with bronchiolitis showed similar results. There
was no difference in the pediatric intensive care unit length of stay
between the CPAP and HFNC groups [5 (4-7) days and 5 (4-8) days,
p = 0.46, respectively].

Our study did not show any difference in failure rate between
CPAP and HENC group. Our results align with the results of the study
by Cesar RG et al.'® where CPAP therapy failed in 10 children (36%)
and HFNC failure was seen in 13 patients (37%). An open, RCT by
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Chisti J et al.?? from Bangladesh noted no difference in the failure
rate between bCPAP and high-flow nasal cannula (6% vs 13%).
Small sample size and non-randomized design are the major
limitations of our study. We used India’s first indigenous bCPAP for
pediatrics and uniqueness of ResPAPTM kit lies in its ease of use
and easy to set-up. An accurate amount of CPAP was delivered by
adjusting the regulator in the PAP valve. A unique feature of our
study was the usage of bCPAP for respiratory distress due to varied
etiology such as bronchiolitis, pneumonia and pleural effusion.

CoNcLUSION

Our study found bCPAP to be effective in pediatric populations
with respiratory distress. It can be used as safer mode of respiratory
support, alternative to high-flow nasal cannula in children with
respiratory distress. Larger prospective studies (RCTs) using bCPAP
are required to confirm our findings.
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Annexure 1

ANNEXURE 1

DEesiGN HisTORY AND VALIDATION

Pneumonia affects the alveoli and interferes with the delivery of
oxygen from the air sacks into the blood. CPAP (continuous positive
airway pressure) is a relatively inexpensive mode of noninvasive
ventilation. Bubble CPAP has been used.

Successfully in some referral hospitals in developing countries.
The system has three components:

1. Continuous gas flow into the circuit: The gas flow rate required
to generate CPAP is usually 5-10 L/minute. The system also
usually requires an oxygen blender, which connects an oxygen
source (cylinder or concentrator) to the continuous airflow to
increase FiO,.

2. A nasal interface connecting the infant’s airway with the
circuit: Short nasal prongs are generally used to deliver nasal
CPAP. They must be carefully fitted to minimize leakage of air
(otherwise, CPAP will not be achieved) and to reduce nasal
trauma.

3. Anexpiratory limb with the distal end submerged in water to
generate end expiratory pressure: In bubble CPAP, the positive
pressure is maintained by placing the far end of the expiratory
tubing in water. The pressure is adjusted by altering the depth
of the tube under the surface of the water.

The design intent behind the circuit is: “to create a higher ambient
pressure for the patient to inhale and exhale supplemental oxygen”
This requires a breathing circuit with a flow generator, PEEP
generator and the nasal interface (Annexure Fig. 1). The flow can be
derived from the oxygen source and the pressure can be developed
by constricting this flow. This constricted flow must be maintained
in a chamber, which would be the source of gas at higher pressure
relative to atmospheric pressure, in this case the gas is oxygen or
air-oxygen mixture. If a nasal interface is attached to this pressure
chamber and positioned on the patient’s nares tightly, she could
breathe at a higher ambient pressure, thus the system would be
delivering CPAP. This pressure chamber could be integrated to
the circuit itself, essentially making an AFU. A nasal prong could be
connected at a convenient length in this AFU. The distal end of the

AFU should be connected to a valve that offers resistance to flow.
A water column offers the required pressure depending on the
depth to which the gas outlet is submerged to.

Validation for the concept was done at various government
and private tertiary and secondary care centers in Bengaluru
including Bengaluru Medical College and Indira Gandhi Institute
for Child Care, and feedback was taken. Peripheral centers were
studied prior to this with questionnaires. regarding the concept
and the current standards of treatment. This spanned over 20
hospitals and 54 clinicians. Most of the doctors felt the need for the
device and approved of its potential use at resource poor settings,
and at tertiary centers during emergencies as an alternative for
normal nasal oxygen therapy. The feedback for possible design
improvements was taken for the next iteration, which was
essentially the use of a better and user-friendly bubbling chamber,
longer tubing and provision for a passive humidifier.

Specifications of Current ResPAP Design

Inspiratory tube Size: = 1.5 cm diameter X = 75 cm length
Expiratory tube Size: = 1.5 cm diameter X = 75 cm length
GasInlet Connector: 360° swivel 15 mm |.D.x 22 mm O.D. connector
Gas Flow Range: 1 to 12 liters per minute

Adjustable Range: 0 to 10 cm H,O

Accuracy: £1 cm H,0 to lid set point

Reservoir capacity:

Low Water Line: = 330 mL

Mean Water Line: = 350 mL

High Water Line: = 370 mL

Size: = 9.5 cm diameter X = 25 cm height

Weight: Empty: = 162 grams, at Mean Water Line: = 522 grams
Supplementary Figure 1 provides a detailed depiction of the basic
airway circuit, is available for reference on the journal's website.

TeEsST FOR CONSISTENCY IN PRESSURE
DELIVERED

A nares template for CPAP prongs served as a sizing template for
the simulated nares model (Annexure Fig. 2).

Annexure Fig. 1: Sampling pressure values in the circuit
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Annexure Fig. 2: Simulated nares, connects to test lung
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Annexure 1

P5

P1

P2

P3
P1: Point in the P2: The junction P3: At the nasal P4: Expiratory limb, P5: Pressure set at
Inspiratory Limb, between the nasal prong. proximal to bubbling the PAP valve
proximal to the flow interface and the chamber. regulator.
generator. inspiratory limb.
P1 | P1 P1 P2 P2 P2 P3 P3 P3 P4 P4 P4 P5
min | max cm min max cmH,0 min max | cmH,0 min max | cmH,0 cmH,0
17 25 21 1.8 25 21 1.7 2.3 2.0 1.9 2.6 22 20
3.6 43 3.9 3.6 44 4.0 3.6 4.5 4.0 3.6 4.6 41 4.0
53 |63 5.8 5.3 6.1 5.7 5.3 6.2 5.7 5.6 6.3 5.9 6.0
7.2 8.3 7.7 7.3 8.0 7.6 7.3 8.3 7.8 7.7 8.3 8.0 8.0

Annexure Fig. 3: Test results

Medium-sized nares fixtures were constructed and connected to
a 1 Liter test lung. Lung compliance and resistance were 0.5 mL/cm
H,0 and 125 cm H,0/L/s, respectively for the test lung in use.
Nasal cannulas were inserted in the model nares assuring that the
prong occlusion of the nares did not exceeded 50%. Flow was
fixed at 8 L/min of filtered atmospheric air, which was the constant
value provided by the flow generator (air compressor) in use. For
measuring the differential pressure developed in the circuit during
operation, a digital manometer (HTC PM-6102; Range +/-140.6 cm
H,0; Resolution 0.1 cmH,0; Accuracy +/-0.3% ) was used. Pressure
measurement was sampled at 4 unique points in the circuit viz,

P1: Point in the Inspiratory Limb, proximal to the flow generator.
P2: At the junction between the nasal interface and the inspiratory
limb.
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P3: At the nasal prong.
P4: Expiratory limb, proximal to bubbling chamber.
P5: Pressure set at the PAP valve regulator.

Pressure data were averaged over the minimum and maximum
values that occurred during an observation for 1 minute (this
fluctuation in pressure values overa minimum and maximum range
is attributed to the bubbling action in the bubbling chamber). Mean
airway circuit pressure and percent change between the set value at
the PAP valve and mean pressure at the nasal model were recorded
(Annexure Fig. 3).

In conclusion, the ResPAP airway circuit is shown to provide
pressure values consistent with the value set at the PAP regulator
with an error range of +/-0.3 cmH,0 pressure. Itis to be noted that,
the effective pressure delivered to the patient is largely dependent
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on the right positioning/selection and placement of the nasal valve. It was also assessed that there is no significant leakage of
cannula, and this test has assessed and understood the consistency  gases in the circuit assembly as to create an observable drop, even
of pressure in the circuit with respect to the pressure setat the PAP  after prolonged use and handling.
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