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Background: Continuous Positive Airway Pressure (CPAP) is an effective intervention for managing neonatal respiratory distress. However, its implementation encounters numerous challenges in resource-limited settings. It is imperative for healthcare professionals to devise highly practical and cost-effective modifications to CPAP systems to address these challenges.



Objective: To evaluate the clinical efficacy and operational feasibility of a modified bubble CPAP therapy utilizing locally available materials in reducing respiratory distress and improving survival rates of neonates in the Special Care Baby Unit (SCBU) of the Sierra Leone-China Friendship Hospital.



Materials and methods: 93 neonates with respiratory distress were divided into the control group (n = 48) for nasal cannula oxygen therapy and the observation group (n = 45) for modified bubble CPAP therapy. The modified CPAP device was constructed using locally available materials, such as drinking cups and modified nasal cannulas, with oxygen delivered via concentrators. Respiratory Severity Score, blood oxygen saturation, heart rate, and respiration were monitored with data recorded at admission and 8 h after intervention.



Results: After intervention, the neonates in the observation group showed significant improvements in all parameters: decreased RSS scores (7.40 ± 0.986 vs. 5.33 ± 1.447, P < 0.001), heart rate (153.13 ± 5.998 vs. 141.60 ± 8.830, P < 0.001), and respiratory rate (47.87 ± 4.103 vs. 43.47 ± 3.833, P < 0.01), and higher oxygen saturation (73.60% ± 10.636% vs. 91.07% ± 8.940%, P < 0.001) and survival rate (88% vs. 62.5%, P < 0.01).



Conclusion: The study indicated that the implementation of modified bubble CPAP therapy enhanced respiratory outcomes and increased survival rates among neonates experiencing respiratory distress in a resource-constrained setting in rural Sierra Leone.
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Introduction

Sierra Leone has one of the highest neonatal mortality rates (NMR) in the world, with 35 deaths per 1,000 live births. Approximately 21 babies die each day before reaching one month of age, compounded by 15 stillbirths daily (1). According to the World Health Organization (WHO), preterm birth and birth asphyxia remains a major cause of neonatal mortality in Sierra Leone (2) with respiratory distress syndrome (RDS) being a common complication of preterm birth that affects newborns' breathing. RDS, a leading cause of morbidity and mortality in low- and middle-income countries (LMICs) (3) arises from pulmonary immaturity and surfactant deficiency in newborns, leading to respiratory dysfunction shortly after birth.

While CPAP combined with pulmonary surfactant (PS) remains the gold standard for neonatal RDS management in most countries (4), its implementation still face challenges in hospitals with limited resources due to the cost and complexity of implementation. The WHO strongly recommends CPAP as the the treatment of premature infants with RDS (5), given its capability to enhance lung capacity, especially functional residual capacity. As increased positive airway dilation pressure can improve oxygenation, reduce apnea, and reduce work of breathing. CPAP has been successfully used to stabilize premature infants in both high- and low- to medium-income countries for over 50 years (6). It is recommended as the first choice for primary and secondary respiratory support in these infants (7, 8).

Despite the existence of costly CPAP devices in high-resource settings, CPAP can be applied with minimal technology or cost. A functional bubble CPAP can be implemented using three essential components: (1) an oxygen source to provide an appropriate concentration of oxygen, (2) a water bottle to generate positive pressure by submerging the distal end of the tubing in the water at the specific depth, and (3) a nasal cannula that connects the tubing to the baby's airway for pressurized air delivery. This simplified non-invasive ventilation method is known as bubble CPAP, which has been safely and effectively used to improve the survival of infants with various forms of neonatal respiratory distress in low- and middle-income countries (9). Yet, in low-income countries, the shortages of basic medical supplies often necessitate adaption and innovation with available resources from healthcare professionals. In Sierra Leone, for instance, researchers have creatively repurposed readily available drinking cups as water-seal bottles and customized existing nasal cannulas with scissors to create a modified bubble CPAP device.

The Sierra Leone-China Friendship Hospital, co-funded by the United Nations Children's Fund and the Chinese government, has a 10-bed special care baby unit (SCBU) that started modified bubble CPAP therapy since 2023, offering respiratory support to neonates with respiratory distress. This pilot study aims to evaluate the clinical efficacy and feasibility of modified bubble CPAP as primary respiratory support for neonates in the SCBU of Sierra Leone-China Friendship Hospital.

The study was approved by the Institutional Review Board of Hunan Children's Hospital, China, and the Sierra Leone-China Friendship Hospital (HCHLL2020-63). We report the study subjects' physiological response to therapy and the implementation outcomes of modified bubble CPAP. Written informed consent was obtained from the parents of all subjects after detailed disclosure of the study's purpose, procedures, and potential risks and benefits.



Materials and methods


Setting

This is a pilot study conducted at Sierra Leone—China Friendship Hospital, which is a regional referral medical center managing over 2,000 pediatric patients annually, serves as the sole provider of neonatal intensive care in the region. The SCBU is staffed by one assigned physician providing daily rounds for all neonates and 10 nurses (2–3 nurses per shift). In 2022, SCBU admitted 405 infants. During the 24-month study period, SCBU maintained a mean daily census of 10 neonates with a 2:1 patient-to-nurse ratio. The facility faced considerable resource constraints, including the lack of laboratory blood gas analyzer, x-ray machine and surfactant therapy during the study. Supplemental oxygen through nasal cannula and oxygen concentrators represented the sole respiratory support available for newborns with respiratory distress before this study.



Patients

This study enrolled 93 neonates with respiratory distress admitted to the SCBU of the Sierra Leone-China Friendship Hospital between March 2022 and March 2024. Participants were divided into two groups: 48 neonates who received nasal cannula oxygen therapy from March 2022 to March 2023 (the control group), and 45 neonates who received modified bubble CPAP therapy from April 2023 to March 2024 (the observation group). The inclusion criteria were: (1). aged 0–28 days; (2). diagnosed with respiratory distress and mouth breathing in accordance with European Consensus Guidelines on the Management of Respiratory Distress Syndrome: 2022 Update (10), presenting with inspiratory retractions of the suprasternal notch, bilateral supraclavicular fossae, and intercostal spaces when breathing.Exclusion criteria included any of the following: (1). absence of parental consent, (2). major congenital anomalies such as congenital heart disease which need surgery.



Ethical consideration

The study was approved by the Institutional Review Board of Hunan Children's Hospital, China, and the Sierra Leone-China Friendship Hospital (HCHLL2020-63). The researchers elucidated the objectives, procedures, follow-up processes, and cooperation requirements of the study. Prior to enrollment, written informed consent was obtained from all participants. Data were managed anonymously and coded to maintain confidentiality. Participants were informed of their right to withdraw from the study at any time without the obligation to provide a reason.



Intervention

All enrolled neonates received care in accordance with the study protocol that included infection control, fluid and electrolyte management, and acid-base regulation. Before the intervention, neonates’ nasopharyngeal secretions were suctioned by the nurse. All neonates underwent continuous monitoring of vital signs and respiratory status by nurses during the study.

Neonates in the control group were given routine nasal cannula oxygen therapy at 2l/min via an oxygen concentrator.



Modified bubble CPAP therapy practice

Prior to applying bubble CPAP treatment in April 2023, a multidisciplinary Sierra Leone Newborn Health Focus Group was established, jointly co-led by neonatal experts from the Sierra Leone Ministry of Health and the attending from NICU of China. Comprising 1 Sierra Leonean pediatrician, 4 senior Sierra Leonean nurses, the focus group underwent specialized training on neonatal respiratory distress management and theoretical frameworks beginning in March 2023. Training emphasized clinical application of the Silverman Anderson Respiratory Severity Score (RSS) (11) to assess five clinical signs (each scored from 0 to 2), with higher scores indicating greater respiratory distress severity (Figure 1).


[image: Figure 1]
FIGURE 1
Silverman-Anderson respiratory severity score (RSS) assessment card.


Teaching modalities included seminars, workshop, instructional videos, and group practice sessions. Following the initial training, the participants would receive ongoing feedback and an additional week of hands-on training. All participants passed assessments administered by the China Medical Team. The nursing staff participating in the program receive no financial compensation and their involvement was recognized by the hospital administration as part of their official duty hours.

The Sierra Leone-China Friendship Hospital SCBU relied exclusively on EverFlo 0124944 oxygen concentrators (USA-manufactured) for oxygen supply which the users could only adjust its oxygen flow, with no centralized gas source or mechanical ventilators available. To construct the modified bubble CPAP system, researchers converted a standard nasal cannula into a connecting tube using scissors, linking one end to an oxygen concentrator and the other end to an outlet bottle. Due to resource limitations in Sierra Leone, researchers further adapted the CPAP device by replacing the outlet bottle with a readily available drinking cup. The nasal prongs of the tube were then inserted into the patient's nostrils, following the standard method of nasal cannula oxygen therapy. To prevent air leakage, the researchers sealed the nasal plug with adhesive tape. An adhesive tape with a graduated scale was affixed to the inner wall of the drinking cup. This scale allowed precise measurement of the submersion depth of the outlet tube beneath the water surface, which directly dictated the Bubble CPAP pressure level generated by the device. Oxygen from the concentrator flowed through the inlet tube into the patient's airway. As the oxygen exited via the outlet tube, the pressure from the water column ensured both reduced airway resistance and sufficient pressure delivery to the nasal airway opening. The outlet bottle should be kept upright during operation to maintain positive end-expiratory pressure (PEEP) (Figure 2).


[image: Figure 2]
FIGURE 2
Patient undergoing modified bubble CPAP treatment.


The modified bubble CPAP system was initiated at a pressure of 6 cm H2O, and a flow rate of 6 L/m, so the calculated oxygen concentration was 45% (12). Subsequently, the research team of China and Sierra Leone clinicians conducted assessment and monitoring, adjusting the CPAP pressure and oxygen concentration based on the neonates' clinical status while maintaining oxygen saturation between 88%–93%.

All drinking cups used in the study were brand new, undergoing surface disinfection before use. Sterile and single-use nasal cannulas compliant with all necessary safety standards were employed. Throughout the study, the trained personnel monitored the setup meticulously, with immediate replacement of any contaminated or worn components. All items were disposed after use following strict medical waste protocols to prevent cross-contamination.



Data collection

The Respiratory Severity Score (RSS), blood oxygen saturation, heart rate (HR), and respiratory rate (RR) of the two groups were recorded upon admission and 8 h post-intervention (13, 14). A comparative analysis of clinical outcomes of the two groups was performed across these time points.

The RSS is a tool to measure the severity of respiratory failure in children with respiratory distress (15). A normal RSS is 0 point; 1–3 points indicate mild respiratory failure; 4–6 points moderate respiratory failure, and 7–10 severe respiratory failure.

Oxygen saturation was measured using a transcutaneous pulse oximeter attached to the neonate's fingertip. This device provided real-time readings of both the HR and oxygen saturation values. The RR was manually assessed by visually observing the rise and fall of the chest or abdomen; one full respiratory cycle (rise and fall) was counted as a single breath, and breaths were tallied over 60 s to calculate RR. Comparative analysis of clinical outcomes between the two groups was conducted pre- and post-intervention.



Statistical analysis

Data processing and analysis were conducted utilizing SPSS version 25.0. Quantitative data were represented as mean ± standard deviation and evaluated using the T-test. Categorical data were expressed as percentages and assessed using the chi-square test. A P-value of less than 0.05 was regarded as indicative of statistical significance.




Results

A total of 93 neonates were included in the study, with 48 neonates receiving nasal cannula oxygen therapy as the control group and 45 in the observation group receiving the modified bubble CPAP as their primary respiratory support. There were no significant differences between the two groups in terms of gender, age, body weight, gestational age, or mode of delivery (P > 0.05). Their detailed demographic characteristics are presented in Table 1.


TABLE 1 Demographic characteristics of the two groups.

[image: Table 1]

Upon admission, prior to initiating any interventions, the research team evaluated the RSS and measured blood oxygen saturation, heart rate, and respiratory rate in both study groups. As shown in Table 2, no statistically significant differences were observed between the groups in baseline parameters (P > 0.05). When comparing the five parameters of RSS, no statistically significant differences were identified between the groups before the intervention (P > 0.05).


TABLE 2 Comparison of parameters between two groups before intervention.
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Due to resource limitations, direct monitoring of the oxygen concentration was not viable. However, based on the oxygen flow rate, the calculated oxygen concentration received by the neonates was approximately 29%. After 8 h of intervention, the observation group demonstrated significantly lower RSS, higher blood oxygen saturation, and reduced respiratory rates compared to controls. All RSS parameters scores dropped (P < 0.05), but no significant differences in heart rate were observed between groups (P > 0.05) (see Table 3).


TABLE 3 Comparison of parameters between two groups after intervention.

[image: Table 3]

A within-group comparative analysis of pre- and post-intervention parameters demonstrated that the control group showed no statistically significant changes in total RSS scores, oxygen saturation, heart rate, or respiratory rate (P > 0.05). However, expiratory grunting scores increased significantly (P < 0.05) as shown in Table 4.


TABLE 4 Comparison of data before and after intervention in the control group.

[image: Table 4]

Post-intervention analysis revealed that the observation group exhibited statistically significant improvements compared to pre-intervention baseline: lower RSS scores, heart rate and respiratory frequency, and higher oxygen saturation (P < 0.01), as shown in Table 5.


TABLE 5 Comparison of data before and after intervention in the observation group.

[image: Table 5]

After treatment, 18 out of 48 neonates in the control group died, and 5 of 45 neonates in the observation group died. Due to the limited medical conditions in Sierra Leone, autopsies were not performed on all the death cases. Although respiratory failure might be one of the causes of deaths in these cases, the exact cause of death was still unclear. Consequently, 88% (40/45) of the neonates treated with modified bubble CPAP survived to discharge. In contrast, the survival rate for neonates diagnosed with RDS who received a nasal cannula for respiratory support was 62.5% (30/48). Statistical analysis showed that the survival rate of the observation group was significantly higher than that of controls (χ2 = 8.689, P = 0.003).



Discussion

Bubble CPAP has emerged as a vital intervention for neonatal respiratory distress in low- and middle-income countries, with expanding adoption for its cost-effectiveness, ease of use, and proven clinical efficacy. Studies have shown its capacity to reduce reliance on mechanical ventilation—a technology often scarce in low-resource settings. The system's operational simplicity, convenience, and effectiveness (16) enable rapid competency development of healthcare workers by training, making it a practical solution in settings with limited specialized staff. Despite these benefits, extensive further evidence-based research is required to optimize its implementation and ensure consistent outcomes across diverse healthcare environments (17).

This study introduces an innovative modification of bubble CPAP device to address the resource constraints, especially in emergency situations where conventional medical supplies may be unavailable. By leveraging readily accessible materials and a streamlined design, the modified bubble CPAP device ensures reliable delivery of respiratory support even in resource-constrained environments. This approach not only enhances the accessibility of life-saving technology, but also underscores the critical role of adaptive innovation in healthcare. Widespread adoption of this approach could potentially save numerous lives by offering a practical and cost-efficient solution to respiratory distress in underserved regions.

In our study, the demographic parameters (gender, age, body weight, gestational age, and delivery mode) showed no significant intergroup differences, confirming effective randomization and minimizing confounding bias. The study's design ensured that observed post-intervention differences can be attributed to the intervention itself rather than pre-existing conditions.

After 8 h of therapy, the observation group demonstrated significantly better outcomes in RSS, blood oxygen saturation, and respiratory rate compared to controls. The lower RSS score indicated that less respiratory distress, attributable to the continuous positive airway pressure provided by modified bubble CPAP. This positive pressure stabilized the alveoli patency during both inhalation and exhalation, reducing the work of breathing, enhancing gas exchange efficiency, and higher blood oxygen saturation levels (18). The observation group's lower respiratory rate reflected improved breathing efficiency as a direct benefit of the positive airway pressure provided by bubble CPAP (19). These findings suggested that modified bubble CPAP surpasses nasal cannula oxygen therapy in stabilizing and improving respiratory function in neonates with RDS.

The study also performed within-groups analysis on indicators before and after the intervention to assess the theraputic effects. No significant pre-post differences in the control group for RSS, oxygen saturation, heart rate, or respiratory rate were found, suggesting that nasal cannula oxygen therapy did not significantly improve the neonates' respiratory parameters. However, the scores of expiratory grunting, a compensatory mechanism produced by neonates to maintain functional residual capacity and improve oxygenation (20) increased significantly after intervention, indicating the neonates' persistent respiratory distress despite oxygen therapy. This finding suggests that nasal cannula oxygen therapy may not have been effective in fully addressing the respiratory needs of these neonates, thereby leading to a compensatory rise in expiratory grunting.

In contrast, the observation group showed statistically significant decreases in RSS and respiratory rate, as well as an increase in oxygen saturation compared to those before the intervention (P < 0.01). These improvements confirmed the dual advantages of modified bubble CPAP therapy: (1) Improving oxygenation while reducing work of breathing. The continuous positive pressure it generated helped maintain a higher functional residual capacity (FRC)—the post-exhalation lung volume- which optimized oxygenation efficiency and lowered the need for higher oxygen concentrations (21). (2) Preventing atelectasis (collapse of part of or the entire lung), a common issue in neonates with respiratory distress. By keeping the alveoli patency, bubble CPAP strengthened lung compliance and gas exchange (22, 23). Additionally, none significant inter-group differences in heart rate (P > 0.05) suggested that such therapy did not impose additional cardiovascular stress on neonates, indicating that the improved respiratory parameters were achieved without compromising cardiovascular stability (24).

The observation group had a higher survival rate (88%) than the control group (62.5%), which was likely due to the less effective respiratory support from nasal cannula oxygen therapy. Despite limitations in autopsy availability precluded the analysis for exact causes of death, respiratory distress in full-term newborns might be speculated as a probable contributor. In resource-constrained settings with limited diagnostic and treatment capabilities, this survival disparity underscores modified bubble CPAP's superiority in improving outcomes of neonates with RDS through better respiratory support (25).

The cost-effectiveness and user-friendly design of modified bubble CPAP make it a particularly viable option for neonatal care in low- and middle-income countries, where advanced respiratory support may be inaccessible (26). More research and policy support are essential to fully realize its advantages and ensure that more neonates can receive the respiratory support they need.



Limitation

Although the findings are promising, it is important to recognize several limitations inherent in this study. The relatively small sample size (n = 93 neonates) may compromise the robustness and generalizability of the results, highlighting the need for validation through studies conducted on a larger scale. Additionally, the single-center design may limit the applicability of the findings across diverse settings, particularly in regions with varying standards of neonatal care. To address these limitations, it is crucial to conduct large-scale, multi-center trials employing advanced methodologies to validate and optimize the use of modified bubble CPAP therapy in resource-limited environments. Such efforts will also facilitate its integration into routine neonatal care, thereby maximizing its potential benefits.



Conclusion

The study demonstrated that modified bubble CPAP therapy improved respiratory outcomes and survival rates in neonates with respiratory distress in a resource-limited setting in rural Sierra Leone. The implementation of this low-cost, simplified CPAP system holds significant potential for scaling neonatal respiratory care and to improve survival rates in low- and middle-income countries.
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