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Background: Multiple non-invasive ventilation (NIV) modalities have been identified that may improve the prognosis of pediatric patients with acute lower respiratory infection (ALRI). However, the effect of NIV in children with ALRI remains inconclusive. Hence, this study aimed to evaluate the efficacy of various NIV strategies including continuous positive airway pressure (CPAP), high flow nasal cannula (HFNC), bilevel positive airway pressure (BIPAP), and standard oxygen therapy in children with ALRI and the need for supplemental oxygen.

Methods: Embase, PubMed, Cochrane Library, and Web of Science databases were searched from inception to July 2021. Randomized controlled trials (RCTs) that compared different NIV modalities for children with ALRI and the need for supplemental oxygen were included. Data were independently extracted by two reviewers. Primary outcomes were intubation and treatment failure rates. Secondary outcome was in-hospital mortality. Pairwise and Bayesian network meta-analyses within the random-effects model were used to synthesize data. The certainty of evidence was assessed using the Grading of Recommendations Assessment, Development and Evaluation framework.

Results: A total of 21 RCTs involving 5,342 children were included. Compared with standard oxygen therapy, CPAP (OR: 0.40, 95% CrI: 0.16–0.90, moderate quality) was associated with a lower risk of intubation. Furthermore, both CPAP (OR: 0.42, 95% CrI: 0.19–0.81, low quality) and HFNC (OR: 0.51, 95% CrI: 0.29–0.81, low quality) reduced treatment failure compared with standard oxygen therapy. There were no significant differences among all interventions for in-hospital mortality. Network meta-regression showed that there were no statistically significant subgroup effects.

Conclusion: Among children with ALRI and the need for supplemental oxygen, CPAP reduced the risk of intubation when compared to standard oxygen therapy. Both CPAP and HFNC were associated with a lower risk of treatment failure than standard oxygen therapy. However, evidence is still lacking to show benefits concerning mortality between different interventions. Further large-scale, multicenter studies are needed to confirm our results.

Systematic Review Registration: https://www.crd.york.ac.uk/prospero/display_record.php?RecordID=172156, identifier: CRD42020172156.
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INTRODUCTION

Acute lower respiratory infection (ALRI), such as pneumonia and bronchiolitis, constitute a major cause of respiratory failure in children (1, 2), of whom 15% may need intensive care unit (ICU) care and respiratory support (3). The global mortality annually is estimated as 6,50,000 for ALRI in children younger than 5 years (4). Standard oxygen therapy (SOT) at a flow rate of 1–4 L/min for children with ALRI and hypoxemia is recommended by the World Health Organization (WHO) (5, 6). However, despite the provision of SOT and supportive care, more effective respiratory support systems are still needed for some critically ill children because of worsening respiratory distress (7).

To avoid airway invasivity related to the intubation, various non-invasive ventilation (NIV) strategies, such as continuous positive airway pressure (CPAP), bilevel positive airway pressure (BIPAP) ventilation, and high flow nasal cannula (HFNC), have been proposed among pediatric patients (8, 9). However, the effect of NIV in children with ALRI remains inconclusive. A previous pairwise meta-analysis (10) that compared two of the three respiratory support devices (SOT, CPAP, and HFNC) revealed that in terms of reducing treatment failure, HFNC was better than SOT but inferior to CPAP. However, there were no significant differences between the therapies in terms of intubation and mortality rates. However, this conventional meta-analysis only focused on head-to-head trials of comparison of two interventions without assessing multiple interventions as a whole. In addition, since the publication of this meta-analysis, several new randomized controlled trials (RCTs) have been published (11–18). More importantly, there are no systematic reviews that have assessed the efficacy of BIPAP in pediatric patients.

A network meta-analysis (NMA) enables comparison of multiple interventions and improved precision through a combination of direct and indirect estimates of effects (19, 20). Therefore, we aimed to perform a rigorous and comprehensive Bayesian network meta-analysis to update current clinical study data and evaluate the effect of multiple NIV strategies in children with ALRI.



METHODS

This systematic review was registered on PROSPERO with registration number: CRD42020172156. This report complies with the recommendations of Preferred Reporting Items for Systematic Review and Meta-Analysis (PRISMA) Extension statement for NMA (21).


Search Strategy

Pubmed, Embase, Cochrane Central Register of Controlled Trials (CENTRAL), and Web of Science were searched by one reviewer (ZW) from inception to August 1, 2020 (full search strategy is listed in Supplementary Material). The literature search was last updated on July 1, 2021.



Eligibility Criteria and Outcome Measures
 
Type of Studies

We included all RCTs reported in English. Observational studies, case reports, review articles, comments, letters, conference abstracts, and editorials were excluded.



Type of Participants

This review included children aged from 29 days to 18 years, with ALRI (including bronchiolitis and WHO-defined pneumonia or severe pneumonia) and the need for supplemental oxygen. Following the WHO guideline, pneumonia is defined as acute presentation of either cough or tachypnea and also had either tachypnea or lower chest wall indrawing (6). WHO-defined severe pneumonia is based on cough or difficulty in breathing plus at least one of the following: central cyanosis or oxygen saturation <90% on pulse oximetry; respiratory distress (e.g., grunting, chest indrawing); and general danger signs (inability to breastfeed or drink, lethargy or unconscious, and convulsions) (6). The definitions of bronchiolitis were individualized for each study.

Studies conducted in pediatric intensive care unit (PICU), general ward, or emergency department (ED) were included. Studies that only include patients in the neonatal period (the first month of life) were excluded. We excluded treatments used at home or for chronic conditions.



Types of Interventions and Comparators

We included RCTs comparing two or more of the following four non-invasive respiratory support devices: (1) SOT: nasal cannula, nasal prong, nasal catheter, and mask with no limit on the flow rate; (2) CPAP: the ventilatory setting and interface were not limited; (3) HFNC: the flow rate and fraction of inspired oxygen (FiO2) were not limited; and (4) BIPAP: the ventilatory setting and interface were not limited.



Type of Outcomes

The primary outcomes were (1) treatment failure, defined by the individual authors in the included studies, and (2) the rate of intubation. The secondary outcome was in-hospital mortality at the end of the follow-up period (<28 days).



Study Selection and Data Extraction

Two reviewers (YH and XZ) independently screened the titles and abstracts retrieved from the search strategy to identify those meeting the pre-specified criteria. Subsequently, further screening was performed to select eligible articles by reviewing the full texts.

The two reviewers (YH and XZ) performed data extraction independently. The following data were extracted: first author, publication year, country, study characteristics (trial design, sample size, study setting, and funding source), patients' characteristics [age, diagnosis information, comorbidities, and mean pulse oximetry saturation (SpO2) on admission], details of the intervention, and outcome data for each endpoint of interest. Any disagreement was resolved by discussion.



Risk of Bias Assessment

Two researchers (YH and XZ) evaluated the methodological quality of the eligible studies according to the Cochrane collaboration's risk of bias tool for randomized trials (22). Disagreements were solved by consensus.




Statistical Analysis
 
Pairwise Meta-Analysis

Conventional pairwise meta-analysis was conducted using the Mantel-Haenszel method within a random-effects model. Odds ratios (ORs) and 95% confidence intervals (CIs) were calculated for all dichotomous outcomes using Review Manager software (RevMan version 5.3). Heterogeneity was assessed using the I2 statistic (low heterogeneity = 25%, moderate heterogeneity = 50%, and high heterogeneity = 75%) (23).



Network Meta-Analysis

The NMA was conducted in a Bayesian framework random-effects model (24) using the Markov Chain Monte Carlo with vague priors by “GeMTC” package in R (version 3.6.2) and WinBUGS (version 1.4.3); the results were presented in the form of ORs and 95% credibility intervals (CrIs). The analyses used generalized linear models with a logit link function and 100,000 iterated simulations discarding the initial 20,000 iterations as burn-in. I2 statistic was used to detect global heterogeneity by using the “mtc.anohe” function of the “GeMTC” package (25). The node-splitting method was used to assess inconsistency between direct and indirect comparisons (26). Surface under the cumulative ranking curve (SUCRA) was calculated to rank the probabilities for each intervention, and a larger value indicates the better rank for each treatment (27). When 10 or more studies were available for an outcome, we assessed publication bias using the comparison-adjusted funnel plots in Stata (version 15.1).

The certainty of the evidence for the each outcome was evaluated using the Grading of Recommendations Assessment, Development and Evaluation (GRADE) framework (28) with five criteria: study limitations, imprecision, indirectness, heterogeneity and inconsistency, and publication bias.



Network Meta-Regression, Subgroup Analysis, and Sensitivity Analysis

Network meta-regression and subgroup analyses [considering mean age (<1 year vs. more than 1 year), country income (high income vs. low and middle income), mean SpO2 on admission (lower than 92% vs. more than 92%), study location (ICU vs. non-ICU), and type of disease (pneumonia vs. bronchiolitis)] were performed to explain the observed between-trail heterogeneity if data were available. For the sensitivity analyses, we eliminated the study by McCollum et al. (18). from consideration as the study included participants with high-risk conditions (such as HIV infection and severe malnutrition), and it was conducted in the general ward without daily physician supervision. Therefore, the lack of physician oversight and the examined populations were significantly different from the other studies.





RESULTS


Selection of Articles and Characteristics of Studies

The literature search yielded 12,176 records, and 146 proved potentially eligible. Of these, we excluded 125 studies (see Figure 1) and included 21 trials (11–18, 29–41) with 5,342 children aged 19 days to 16 years. The literature search process is presented in Figure 1 and the network geometry is presented in Figure 2. Descriptive data for included studies are listed in Table 1. Study sample sizes ranged from 28 to 1,472. Among the included trials, three studies (18, 29, 41) compared CPAP with SOT, nine (11–13, 15, 16, 32, 35, 36, 39) compared HFNC with SOT, seven (14, 17, 33, 34, 37, 38, 40) compared HFNC with CPAP, one (30) compared BIPAP with SOT, and one 3-arm study (31) compared CPAP with both HFNC and SOT. Ten studies (47.6%) were conducted in in high-income countries, eight (38.1%) in middle-income countries, and three (14.3%) in low-income countries (42). Twelve studies (12, 13, 16, 17, 29, 32, 33, 35, 36, 38, 40, 41) were conducted in patients with acute bronchiolitis, and the other nine trials (11, 14, 15, 18, 30, 31, 34, 37, 39) were performed in patients with WHO defined severe pneumonia. Treatment failure was determined by clinical signs such as heart rate, respiratory rate, SpO2, and a need to escalate treatment. The criteria for treatment failure varied slightly among included studies and are summarized in Supplementary Table 1.


[image: Figure 1]
FIGURE 1. Study selection flowchart. RCT, randomized controlled trial.
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FIGURE 2. Network geometry: (A) treatment failure, (B) intubation, (C) in-hospital mortality. Node size represents the number of participants and the edge widths are proportional to the number of studies. BIPAP, bilevel positive airway pressure; CPAP, continuous positive airway pressure; HFNC, high-flow nasal cannula; SOT: standard oxygen therapy.



Table 1. Characteristics of the studies included in the network meta-analysis.
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Risk of Bias Assessment

The risk of bias is summarized in Supplementary Figure 1. Due to the audible and visible differences between the device of oxygen delivery, none of the studies could be blinded for clinicians, researchers or patients. Overall, as none of the trials was at low risk of bias in all domains, we assessed all trials to be at high risk of bias.



Network Meta-Analysis

The results of pairwise comparisons are shown in Supplementary Figures 2–4.



Primary Outcomes
 
Treatment Failure

Seventeen trials (5,182 participants) containing three interventions (SOT, CPAP, and HFNC) provided data on treatment failure. For NMA results (Figure 3A; Supplementary Table 2), both CPAP (OR: 0.42, 95% CrI: 0.19–0.81, low quality) and HFNC (OR: 0.51, 95% CrI: 0.29–0.81, low quality) were associated with lower risk of treatment failure when compared to SOT. The SUCRA for CPAP, HFNC, and SOT were 89.0, 60.5, and 42.1%, respectively (Figure 3B; Supplementary Table 5).


[image: Figure 3]
FIGURE 3. Network meta-analyses results (A) and cumulative probability under different rankings (B) for treatment failure. CPAP, continuous positive airway pressure; HFNC, high-flow nasal cannula; SOT, standard oxygen therapy.




Intubation Rate

Fifteen trials (2,989 participants) comparing four interventions (SOT, CPAP, HFNC, and BIPAP) reported intubation rates. According to the NMA results (Figure 4A; Supplementary Table 3), compared with SOT, CPAP (OR: 0.40, 95% CrI: 0.16–0.90, moderate quality) was associated with a lower risk of intubation. The SUCRA for BIPAP, CPAP, HFNC, and SOT were 88.1, 73.0, 28.7, and 10.2%, respectively (Figure 4B; Supplementary Table 5). The SUCRA results should be interpreted cautiously as the credible intervals were very wide for most comparisons.


[image: Figure 4]
FIGURE 4. Network meta-analyses results (A) and cumulative probability under different rankings (B) for intubation. BIPAP, bilevel positive airway pressure; CPAP, continuous positive airway pressure; HFNC, high-flow nasal cannula; SOT, standard oxygen therapy.





Secondary Outcome
 
In-Hospital Mortality

Deaths were reported in only four studies (11, 18, 31, 37) involving 2,014 participants. As shown in Figure 5A, there were no significant differences for mortality rate among the different treatments from NMA. The network evidence was low or very low quality in all cases (Supplementary Table 4). Similarly, all CrIs were very wide and included the null value; the SUCRA results should be interpreted cautiously (Figure 5B; Supplementary Table 5).


[image: Figure 5]
FIGURE 5. Network meta-analyses results (A) and cumulative probability under different rankings (B) for in-hospital mortality. CPAP, continuous positive airway pressure; HFNC, high-flow nasal cannula; SOT, standard oxygen therapy.





Network Meta-Regression and Sensitivity Analyses

For treatment failure and intubation rate, the results of network meta-regression demonstrated that there were no statistically significant subgroup effects regarding mean age, country income, mean SpO2 on admission, study location, and type of disease. The full details of the subgroup and network meta-regression analyses are reported in Supplementary File (Supplementary Figures 5, 6). We could not perform further analysis for in-hospital mortality due to the limited number of studies.

The McCollum study (18) did not report the intubation rate; therefore, sensitivity analyses were conducted for the other two outcomes (see Supplementary Tables 6, 7). After excluding the McCollum study (18), sensitivity network analysis revealed a lower rate of treatment failure for CPAP (OR: 0.54, 95% CrI: 0.32–0.90), when compared to HFNC. The remaining results were consistent with our primary analyses.


Heterogeneity and Inconsistency Analyses

Heterogeneity and inconsistency assessments are detailed in Supplementary Figures 7–9.

For treatment failure, two comparisons (CPAP vs. HFNC and HFNC vs. SOT) were found incoherent in the node-splitting assessment. The heterogeneity analysis suggested high heterogeneity in one comparison (CPAP vs. SOT). As for intubation rate, no evidence of inconsistency or heterogeneity between the studies was found. Regarding in-hospital mortality, there was no evidence for inconsistency. However, the heterogeneity test indicated high heterogeneity in one comparison (CPAP vs. SOT).




Publication Bias

There was no obvious indication of asymmetry according to the comparison-adjusted funnel plots (Supplementary Figure 10).




DISCUSSION

In this first network meta-analysis comparing different NIV modalities in children with ALRI, we found that CPAP reduced the risk of intubation when compared to standard oxygen therapy. What is more, a lower incidence of treatment failure rate was found for both CPAP and HFNC when compared to standard oxygen therapy. However, there was no evidence of differences for all modalities concerning in-hospital mortality. Overall, the certainty of evidence was low or very low for all the outcomes, not only because of the small number of trials in each node, but also due to the variability of methodology and participants among studies.

A pairwise meta-analysis (10) of different NIV modalities in children with ALRI by Luo and colleagues showed that HFNC reduced treatment failure than SOT, despite no reduction in intubation rate. They also reported that HFNC had a higher risk of treatment failure when compared with CPAP. Our primary and sensitivity analyses are consistent with these previous findings. However, we found that CPAP use was associated with lower risks of treatment failure and intubation compared to SOT. This contrasts with the previous study by Luo et al. (10) where no significant differences between these two interventions were observed. The differences between their results and ours may be explained by the following reasons. First, this NMA had included more recently published studies. Second, this was an NMA where apart from the direct synthesis, the indirect evidence also contributed to the overall effect estimate.

Compared with low-flow oxygen therapy, CPAP works by delivering continuous distending pressure (43). Application of CPAP prevents collapse of alveoli and small airways during expiration, thus increases functional residual capacity (43, 44). HFNC has been shown to improve alveolar ventilation and carbon dioxide elimination (45) by decreasing the dead space through establishing washout in the nasopharyngeal space (46). High flow rates can also provide variable end-expiratory distending pressure based on flow rate (47, 48). Such mechanisms may explain the greater benefit of CPAP and HFNC over standard oxygen therapy in some patients. However, the airway pressure generated by HFNC is determined not only by the HFNC flow, but also by the degree of air leak from both mouth and nose (44). This may partially explain why HFNC displayed a less favorable clinical response than CPAP.

In comparison to CPAP, BIPAP delivers positive airway pressure at two different levels during inspiration and expiration, and could more efficiently decrease inspiratory work of breathing than CPAP (49). However, our pooled results suggested that when compared with SOT, BIPAP did not decrease risk of intubation. It should be noted that most of the evidence that contributed to this comparison was indirect. There was only one trial included in this meta-analysis that directly assessed the effect of BIPAP by comparing it with SOT, and this study did not report treatment failure or mortality. Therefore, conclusions regarding the relative effectiveness of BIPAP are limited, and further research is required.

In our study, we were unable to show benefits among different interventions on in-hospital mortality. Several possible explanations may account for these results. First, among the enrolled studies, 12 (57%) were focused on patients with acute bronchiolitis. Given that very low incidence of mortality has been reported since the introduction of NIV for acute bronchiolitis (33), this would make it difficult to detect differences among various methods of respiratory support. Second, in several trials (32, 33, 36–38), once treatment failure or deterioration occurred, crossover to an alternative respiratory support as rescue therapy was allowed, and the crossover may have avoided exacerbation of respiratory distress. The dilution effect of crossover may partially explain the absence of differences between any of the interventions on mortality.

Among the studies we included, 10 (47.6%) were conducted in high-income countries, where 60%−81% of children improved with standard oxygen therapy alone. Considering that non-invasive oxygen approaches are more costly and complex than standard oxygen therapy, these strategies might not be needed as preferred forms of treatment for mild cases. In resource-rich regions, more research is needed to identify children who are likely to deteriorate on standard oxygen therapy, and therefore who would benefit from the early initiation of non-invasive ventilation. However, at the other end of the spectrum of clinical severity, several included studies (11, 18, 31) from low- and middle-income countries (LMICs) showed case fatality rates of 7–14%. Meta-regression and subgroup analyses of country income (LMICs vs. high-income) found that there were no significant interactions between subgroups with regard to treatment failure and intubation rates. However, due to the low number of studies that reported mortality, subgroup analysis for in-hospital mortality was not conducted. Existing data are scarce on the effect of non-invasive ventilation on mortality of children in LMICs, and the results of previous studies remain controversial (11, 18, 31, 50). More studies will be necessary to define the role of various non-invasive ventilation modalities in resource-limited settings.

Some limitations of this review should be noted. First, there was limited statistical power for some comparisons, such as intubation rate and in-hospital mortality, because of the small numbers of trials forming several of the nodes in this network of the meta-analysis. Notably, only one of the included studies examined the efficacy of BIPAP, indicating that further studies are necessary to obtain more precise effects estimates. Second, this study involved a heterogeneous population with a wide age range (0–18 years) and disease spectrum (bronchiolitis and pneumonia). However, the heterogeneity of the study population may enhance the generalizability of the results. Moreover, to address this problem, multiple subgroup analyses were performed. Multiple subgroup results remained consistent with the overall findings. Hence, we believed that the results of our study were credible. Third, the included trials used variable definitions of treatment failure, which might produce heterogeneity. Finally, when eliminating the McCollum study (18) in the sensitivity analysis, some non-significant findings became significant, which encourages further studies to validate these results.



CONCLUSIONS

Compared to standard oxygen therapy, the use of CPAP reduced intubation rate in children with ALRI and the need for supplemental oxygen. Additionally, both CPAP and HFNC decreased the risk of treatment failure when compared with standard oxygen therapy. However, evidence is still lacking to show benefits concerning mortality between different interventions. Further large-scale, multicenter studies are needed to confirm our results.
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