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Abstract

Objective: To address the effectiveness and safety of early airway utilization of budesonide and surfactant for BPD prevention in

premature infants with RDS. Methods: PubMed, Web of Science, EMBASE, Cochrane Library, Wanfang, CQ VIP and China

National Knowledge Infrastructure databases were searched from the inception to May 2021. Stata 16.0 software was used for

statistical analysis. Results: This meta-analysis suggested that early combined utilization of budesonide and surfactant by air-

way tended to have a superiority on BPD incidence (RR=0.63;95%CI:0.54 0.73, P<0.001), mortality (RR=0.63;95%CI:0.43 0.94,

P=0.022) and the composite outcome of BPD or mortality (RR=0.59;95%CI:0.49 0.70, P<0.001), the reuse incidence of surfac-

tant (RR=0.54; 95%CI:0.45 0.65, P<0.001), the duration of assisted ventilation (SMD=-1.14;95%CI: -1.58 -0.70, P<0.001),

invasive ventilation (SMD=-1.33;95%CI: -1.76 -0.90, P<0.001), and hospital stays (SMD=-1.20;95%CI: -1.88 -0.51, P=0.001) in

preterm infants with RDS. And these benefits were not associated with increased adverse outcomes. Furthermore, a decreased

incidence of PDA (RR=0.80; 95%CI:0.64 0.99, P=0.041) was found in test group. Subgroup analysis based on budesonide

delivery methods (inhalation or intratracheal instillation) indicated that the decrease of mortality (RR=0.62;95%CI:0.41 0.95,

P=0.026), duration of assisted ventilation (SMD=-0.95;95%CI: -1.30 -0.61, P<0.001) and hospital stays (SMD=-1.38;95%CI:

-2.33 -0.43, P=0.004) were mainly in budesonide intratracheal instillation subgroup. Conclusions: This meta-analysis suggested

that early combined utilization of budesonide and surfactant by airway might be an effective and safe clinical practice for BPD

prevention in premature infants with RDS, especially when budesonide was delivered by intratracheal instillation.
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Objective: To address the effectiveness and safety of early airway utilization of budesonide and surfactant
for BPD prevention in premature infants with RDS.

Methods: Literature retrieval was carried out in the PubMed, Web of Science, EMBASE, Cochrane Library,
Wanfang, CQ VIP and China National Knowledge Infrastructure databases, searching from the inception to
May 2021. Stata 16.0 software was used for statistical analysis.

Results: This meta-analysis suggested that early combined utilization of budesonide and surfac-
tant by airway tended to have a superiority on BPD incidence (RR=0.63;95%CI:0.54 0.73,P <0.001),
mortality (RR=0.63;95%CI:0.43 0.94,P =0.022) and the composite outcome of BPD or mortality
(RR=0.59;95%CI:0.49 0.70, P <0.001), the reuse incidence of surfactant (RR=0.54; 95%CI:0.45 0.65,P
<0.001), the duration of assisted ventilation (SMD=-1.14;95%CI: -1.58 -0.70, P <0.001), invasive ventilation
(SMD=-1.33;95%CI: -1.76 -0.90, P< 0.001), and hospital stays (SMD=-1.20;95%CI: -1.88 -0.51, P =0.001)
in preterm infants with RDS. And these benefits were not associated with increased adverse outcomes. Fur-
thermore, a decreased incidence of PDA (RR=0.80; 95%CI:0.64 0.99, P =0.041) was found in premature
infants treated with budesonide and surfactant. Subgroup analysis based on budesonide delivery methods
(inhalation or intratracheal instillation) indicated that the decrease of mortality (RR=0.62;95%CI:0.41 0.95,
P =0.026), duration of assisted ventilation (SMD=-0.95;95%CI: -1.30 -0.61, P <0.001) and hospital stays
(SMD=-1.38;95%CI: -2.33 -0.43, P =0.004) were mainly in budesonide intratracheal instillation subgroup,
rather than in budesonide inhalation subgroup.

Conclusions: This meta-analysis suggested that early combined utilization of budesonide and surfactant
by airway might be an effective and safe clinical practice for BPD prevention in premature infants with RDS,
especially when budesonide was delivered by intratracheal instillation. More well-designed RCTs with larger
sample sizes and longer follow-up ought to be conducted in the future.

Keywords: Premature infants, Bronchopulmonary dysplasia, Budesonide, Surfactant, Meta-analysis

Respiratory distress syndrome (RDS) is one of the most common and serious respiratory diseases in premature
infants. Bronchopulmonary dysplasia (BPD), which is also called chronic lung disease of infancy, is a major
complication in premature infants.1 The mortality and long-term morbidity in premature infants with BPD
is significantly higher than that of ones without BPD.2 Despite significant advances in neonatal care, such
as prenatal utilization of corticosteroids and surfactants, it has been also reported that about 10% to 89% of
premature infants were affected by BPD, regardless of definition used and gestational age3. And the survivors,
who went through only mild respiratory distress in the perinatal period were inclined to late respiratory
problems, during childhood and adulthood, including increased incidence of reactive airway disease, exercise
intolerance and other adverse sequelae.4 Management of their condition is both time-consuming and costly,
which has affected the resources of the newborns, their family, and ultimately society. Thus, the prevention
and treatment of BPD has become a big challenge in NICUs.

The diagnosis of BPD is based on maldevelopment and injury of premature lung. Persistent lung inflam-
mation is thought central to the underlying pathophysiology of BPD and anti-inflammatory medications,
for instance, corticosteroids have been recommended to prevent or cure BPD for years.5-7 Systemic corti-
costeroids have been demonstrated with promising effects in moderating BPD incidence ( defined as death
at 28 days of life or at 36 weeks’ postmenstrual age in premature infants).7,8 However, it was also reported
to be correlated with serious short-term and/or long-term adverse outcomes.7 Early administration of cor-
ticosteroids by airway was thought to have fewer side effects than systemic treatment.7 Therefore, delivery
of steroids directly to lungs, by inhalation or by intratracheal instillation may be an alternative choice.9,10

Airway administration of budesonide was reported to decrease the incidence of BPD in premature infants,11,12

but it was also shown to increase mortality.13Surfactant is now commonly used for premature infants with
RDS. When combining budesonide with surfactant, the risk of BPD was demonstrated 43% reduction without
increased mortality or adverse physical or neurologic outcomes.14

So far, combined utilization of budesonide and surfactant by airway has not yet been promoted during
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clinical practice. Several studies had addressed the benefits and risks of this administration mode, but the
studies reported conflicting results. Therefore, this study aimed at addressing the effectiveness and safety
of early combined utilization of budesonide and surfactant by airway to prevent BPD in premature infants
with RDS, and offering reference for clinical practice.

1 MATERIALS AND METHODS

1.1 Search strategy:

The meta-analysis were proceeded using the methodology recommended by the Cochrane Collaboration. 15

The findings were submitted based on the PRISMA (Preferred Reporting Items for Systematic reviews and
Meta-Analysis) statement. 16Following databases, including PubMed, Web of Science, EMBASE, Cochrane
Library, Wanfang, CQ VIP and China National Knowledge Infrastructure (CNKI) were searched by two
reviewers independently from the database inception to May 2021. Search terms included: premature
infants, preterm infants, infant newborn, chronic lung diseases, bronchopulmonary dysplasia, respiratory
distress syndrome, neonatal respiratory distress syndrome, pulmonary surfactant, surfactant, budesonide,
inhalation, intratracheal instillation. No language restriction was applied. Furthermore, the primary authors
of the included studies were contacted for detailed information when necessary.

Eligibility Criteria

The studies were designed as RCT; 2) the candidates with gestational age less than 33 weeks or birth weight
less than 1500g were included, and were diagnosed with RDS; 3) time to start intervention was early in
life (< 8 days after birth); 4) intervention: BUD group (airway administration of budesonide and surfac-
tant), control group (surfactant alone was administrated); 5) BPD incidence was an indispensable outcome,
and one more of following conditions were reported: mortality, the composite outcome of BPD or mortal-
ity, reuse incidence of surfactant, duration of assisted ventilation, duration of invasive ventilation, hospital
stays, adverse outcomes: intraventricular hemorrhage (IVH), patent ducts arterious (PDA), retinopathy of
prematurity (ROP), infection or septicemia, necrotizing enterocolitis (NEC) and neurological and cognitive
outcomes: mental developmental index (MDI) and psychomotor developmental index (PDI). BPD incidence,
mortality and the composite outcome of BPD or mortality were defined as the primary outcomes, and the
others were secondary outcomes.

1.3 Exclusion criteria

a) Retrospective studies, observational and non-clinical studies; b) insufficient information on baseline or
primary or secondary outcome data; c) the candidates with gestational age more than 33weeks and birth
weight more than 1500g; and d) use of the other inhaled glucocorticoid.

1.4 Data extraction

For each study, two investigators independently completed data extraction using a self-designed data form.
All the discrepancies in the data abstracted were resolved via discussion and consensus. Details of the first
author’s name, year of publication, the characteristics of patients, sample size (BUD group/control group),
and intervention were abstracted.

1.5 Quality assessment

The Cochrane ‘Risk of bias’ tool was used to evaluate the risk of bias (low, high, or unclear) for all included
studies by two investigators independently. Seven domains evaluated following bias, including selection bias,
performance bias, detection bias, attrition bias, reporting bias and any other bias.15

1.6 Statistical analysis

Standard mean difference (SMD) was selected for continuous variables analysis, and risk ratio (RR) was
applied for dichotomous variables analysis. 95% confidence intervals (CIs) were reported for all estimates.
A fixed-effects model or random-effects model was used depending on the heterogeneity. Heterogeneity was
assessed with I2 test, by which the differences were considered significant when I2> 50% or P-value <0.1.

3
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Statistical significance indicated a 2-sided p-value < 0.05. Subgroup analysis based on budesonide delivery
methods (inhalation or intratracheal instillation) were used. When there was a significant heterogeneity,
sensitivity analysis were performed by removing each individual study from the overall analysis.17 Publication
bias was assessed as more than 10 studies included. Statistical analysis was carried out using Stata 16.0
software.18

2 RESULTS

2.1 Study selection and characteristics

538 publications were identified in initial screening. Among the publications, only 15 RCTs (16 articles)19-34

met our inclusion criteria and were included. The detailed process of literature screening is depicted in Fig
1.

Fig 1. Flowchart of selection process for eligible studies.

Among the 15 studies (16 articles),19-34 5 (6 articles) 19,20,22,27,32,33 were presented in English, the other
1021,23-26,28-31,34 were in Chinese. A total of 1607 premature infants with RDS (794 in the BUD group and
813 in the control group) were involved in this meta-analysis. The included studies were carried out in Asian
and North America countries, and were published between 2008 and 2021. Sample sizes ranged from 15 to
134. Different dosage of surfactant and different delivery method of budesonide were applied. Table 1 is
given for more details.

Table 1. Basic characteristics of included studies.

2.2 Quality of evidence

Cochrane Handbook was employed to estimate the risk of bias of the included studies. The specific assessment
results are shown in Fig 2.

Fig 2. Risk bias for included studies. A) Risk of bias graph for included studies. B) Summary of risk bias
for included studies.

2.3 Meta-Analysis Results

2.3.1 Changes in the primary outcomes

Compared with control group, meta-analysis found that the incidence of BPD, mortality, and the composite
outcome of BPD or mortality (BPD/mortality) tended to be significantly lower in the BUD group, with
RR=0.63 (95%CI:0.54 0.73, P <0.001, Fig 3A), RR=0.63 (95%CI:0.43 0.94, P =0.022, Fig 3B), and RR=0.59
(95%CI:0.49 0.70, P <0.001, Fig 3C), respectively.

Subgroup analysis based on the delivery method of budesonide revealed that the incidence of BPD and
BPD/mortality were significantly reduced both in intratracheal instillation subgroup (RR=0.66; 95%CI:
0.56 0.77, P<0.001, Fig 3A, and RR=0.60; 95%CI:0.50 0.73,P <0.001, Fig 3C) and in inhalation sub-
group (RR=0.50; 95%CI:0.34 0.73, P<0.001, Fig 3A, and RR=0.51; 95%CI:0.34 0.79, P =0.002, Fig 3C).
Nevertheless, the mortality was significantly lower only in intratracheal instillation subgroup (RR=0.62;
95%CI:0.41 0.95, P =0.026), rather than in inhalation subgroup (RR=0.71; 95%CI:0.24 2.10, P =0.541)
(Fig 3B).

Fig 3. Forest plots of RR estimates on the primary outcomes. A) BPD incidence. B) Mortality. C) The
composite outcome of BPD or mortality.

2.3.2 Changes in clinical outcomes

Compared with control group, meta-analysis demonstrated that the reuse incidence of surfactant, duration
of assisted ventilation, duration of invasive ventilation and hospital stays all tended to be apparently less in
the BUD group, with RR=0.54 (95%CI:0.45 0.65,P <0.001, Fig 4A), SMD=-1.14 (95%CI: -1.58 -0.70,P
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<0.001, Fig 4B) , SMD=-1.33 (95%CI: -1.76 -0.90,P< 0.001, Fig 4C), and SMD=-1.20 (95%CI: -1.88 -0.51,P
=0.001, Fig 4D), respectively.

Subgroup analysis based on the delivery method of budesonide revealed that the reuse incidence of surfac-
tant and duration of invasive ventilation were significantly less both in intratracheal instillation subgroup
(RR=0.56; 95%CI:0.46 0.68, P <0.001, Fig 4A, and SMD=-1.14; 95%CI: -1.64 -0.64, P <0001, Fig 4C) and
in inhalation subgroup (RR=0.42; 95%CI:0.22 0.80, P =0.008, Fig 4A, and SMD= -1.73; 95%CI: -2.63 -0.83,
P <0.001, Fig 4C). Nevertheless, the duration of assisted ventilation and hospital stays were significantly
shorter only in intratracheal instillation subgroup (SMD=-0.95; 95%CI: -1.30 -0.61, P<0.001, Fig 4B, and
SMD = -1.38; 95%CI: -2.33 -0.43, P =0.004, Fig 4D), rather than in inhalation subgroup (SMD=-1.98;
95%CI: -4.21 0.24, P=0.081, Fig 4B, and SMD = -0.83; 95%CI: -1.71 0.06, P =0.067, Fig 4D).

Fig 4. Forest plots of RR/SMD estimates on clinical outcomes. A) Reuse incidence of surfactant. B)
Duration of assisted ventilation. C) Duration of invasive ventilation. D) Hospital stays.

2.3.3 Changes in adverse outcomes

Meta-analysis indicated that BUD group had a lower incidence of PDA than that of control group
(RR=0.80; 95%CI:0.64 0.99, P =0.041). Subgroup analysis revealed that the incidence of PDA only
showed a decreasing trend, rather than statistical difference in budesonide intratracheal instillation sub-
group (RR=0.81;95%CI:0.65 1.01,P =0.066). And in budesonide inhalation subgroup, the incidence of PDA
showed no significant difference either, with RR=0.73 (95%CI:0.37 1.46, P =0.377). (Fig 5A).

There were no statistic differences in the incidence of IVH, ROP, infection or septicemia and
NEC, with corresponding RR=1.08(95%CI:0.90 1.29, P =0.395), RR=0.87(95%CI:0.71 1.08,P =0.203),
RR=0.81(95%CI:0.58 1.15, P =0.245) and RR=1.11(95%CI:0.72 1.70, P =0.632), respectively (Fig 5B and
Fig 5C).

Fig 5. Forest plots of RR estimates for adverse outcomes. (A) PDA. (B) IVH. (C) ROP, infection or
septicemia and NEC.

Two studies20,22 reported 2-3 years of follow-up data about neurological and cognitive outcomes after budes-
onide administration. Meta-analysis indicated that BUD group and control group had no statistic difference
in MDI and PDI scores, with SMD = 0.17(95%CI:-0.08 0.43,P =0.178) and SMD = 0.09(95%CI:-0.16 0.35,
P =0.472), respectively (Fig6A). Meanwhile, there was also no statistic difference in the proportion of low
MDI (<=69) or low PDI(<=69) scores between the two groups, with RR=0.89(95%CI:0.57 1.38, P =0.592)
and RR=0.86 (95%CI:0.59 1.26, P =0.444) , respectively (Fig 6B).

Fig 6. Forest plots of SMD/RR estimates for neurological and cognitive outcomes. (A) MDI and PDI scores.
(B) proportion of low MDI (<=69) or low PDI (<=69) scores.

2.4 Sensitivity analysis

Meta-analysis indicated that there was obvious heterogeneity in duration of assisted ventilation, duration of
invasive ventilation and hospital stays. Sensitivity analysis indicated that no individual study has remarkably
altered any of the above results (Fig 7).

Fig 7. Sensitivity analysis. (A) Duration of assisted ventilation. (B) Duration of invasive ventilation. (C)
Hospital stays.

2.5 Publication bias

Harbord’s modified test on small-studies showed that P =0.004, which indicated there existed possible biases,
including publication bias, language bias, lack of publication on small trials with opposite results, and flawed
methodological designs exaggerated estimates in smaller studies (Fig 8).

Fig 8. Harbord funnel for BPD (Relative risks specified as effect estimate of interest).

Discussion
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This meta-analysis suggested that early combined utilization of budesonide and surfactant by airway was
related to a reduction of BPD, mortality and the composite outcome of BPD or mortality, the reuse incidence
of surfactant, the duration of assisted ventilation, invasive ventilation, and hospital stays in premature infants
with RDS. And these benefits were not associated with increased adverse outcomes: IVH, ROP, infection
or septicemia, NEC and neurological and cognitive outcomes. Furthermore, a decreased incidence of PDA
was indicated in premature infants treated with budesonide and surfactant. Heterogeneity was suggested
among the included studies. Subgroup analysis on budesonide delivery methods (inhalation or intratracheal
instillation) indicated that the decrease of mortality, duration of assisted ventilation and hospital stays were
mainly in budesonide intratracheal instillation subgroup, rather than in budesonide inhalation subgroup,
which was consistent with the results of Yi-jiang Chen,35who demonstrated that budesonide intratracheal
instillation was better than inhalation by meta-analysis.

In premature infants, BPD is one of the essential cause of the morbidity and mortality, and is associated with
respiratory problems and neurodevelopmental impairment later in life.36,37The pathophysiology of BPD is
highly complex. Immature lung surfactant scarcity, volutrauma, barotrauma and lung inflammation due to
exposure to invasive mechanical ventilation are thought pivotal factors in the pathogenic mechanism of BPD.
In recent years, strategies have focused on mitigating lung injury and inflammation for preventing BPD in
the postpartum period.38,39

Corticosteroids are powerful anti-inflammatory agents, and early systemic corticosteroid administration in
premature infants can reduce risk of BPD and facilitated extubation. However, it is correlated with many
short-term and/or long-term side effects, including gastrointestinal bleeding, gastrointestinal perforation,
hypertension, hyperglycaemia, growth restriction, abnormal findings on neurological examination, cere-
bral palsy and so on.7 Thus, intravenous administration of corticosteroid is not recommended nowadays.
A plausible alternative to systemic corticosteroid is inhalation glucocorticoid.40 Budesonide is one of the
most commonly used inhaled glucocorticoid, with a potent anti-inflammatory activity, and it has been used
in asthma and other airway diseases to decrease lung inflammation for decades without obvious long term
adverse outcomes reported.41,42 It shows an extremely high affinity for glucocorticoid receptors and a high
topical-to-systemic activity ratio, so the systemic potency of its metabolites is very low.43

Surfactant is the first-line treatment for premature infants with RDS. Studies in rats and rabbits found
that intra-tracheal combined utilization of budesonide and exogenous surfactant, which distributed evenly
throughout the lungs, could improve pulmonary gas exchange and decrease lung inflammation with the
surfactant properties unchanged.44,45Recent years, similar results of decreased lung and systemic inflamma-
tion have been found in preterm sheep treated with surfactant and budesonide.46,47 Clinical studies also
showed that combination of budesonide and surfactant could dramatically decrease the incidence of BPD by
improving pulmonary status and reducing the duration of mechanic ventilation.19,22

Using surfactant as a vehicle may improve the solubility and enhance the absorption of budesonide.48 In lung
cells, a reversible conjunction is formed between budesonide and fatty acids, which enables free budesonide
release gradually in the surrounding media. The reversible conjugation of budesonide and fatty acids may
be beneficial to improving airway selectivity and prolonging the local anti-inflammatory function in airways,
20,22,49which partly explains the underlying causes for budesonide and surfactant has stronger effect on
preventing BPD than surfactant only.

This meta-analysis showed that budesonide and surfactant could significantly decrease the incidence of PDA
in premature infants. The underlying mechanism may be that, during the recovery period of RDS, the
pulmonary vascular resistance decreases, which links to a propensity of PDA. In addition, the combined
utilization of budesonide and surfactant early in life by airway increases the partial pressure of oxygen and
decreases the concentration of local vascular prostaglandins, which induces the contraction of the arterial
duct smooth muscle and the ductus arteriosus functionally close. Thereby, the incidence of PDA reduces.

Long-term neurological and cognitive adverse effects are the major concern of glucocorticoid therapy. While
two studies19,22 reported 2-3 years of follow-up data were included. Meta-analysis indicated that there
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were no long-term adverse effects on neurological and cognitive outcomes after budesonide administration.
The potential cause may be that budesonide is absorbed rather than metabolized in lung cells. The half-
life of budesonide in the fetal lung is about 4 h, and itsmetabolismin the liver or other tissue is fairly
rapidly.49,50Thus, its metabolites have minimal systemic side effects. But due to death after discharge, could
not be located, unwilling to participate or uncooperative, an attrition bias may have been introduced.

Limitation: In our meta-analysis, there were several limitations, which might affect the interpretation of
findings. First, this meta-analysis included premature infants with GA < 33 weeks, and GA-based subgroup
analysis could not be performed for lack of individual patient data. Nevertheless, the premature infants
with GA < 28 weeks were massive associated with BPD. Second, the dosage, duration, and inhalation
or instillation of budesonide also were inconsistent across studies. Third, there were only two studies19,22

reported 2-3 years of follow up data about long-term neurological and cognitive adverse effects, more large-
scale and long-term follow-up studies are urgently needed. Furthermore, Harbord’s modified test on small-
studiesindicated that a potential publication bias existed. Last but not least, a majority of the included
studies were from Asian populations, so there were ethnic limitations.

Conclusions

This meta-analysis suggested that early combined utilization of budesonide and surfactant by airway might
be an effective and safe clinical practice for BPD prevention in premature infants with RDS, especially when
budesonide was delivered by intratracheal instillation. However, the quality of the evidence may be decreased
due to the obvious heterogeneity among included studies. In further research work, more well-designed RCTs
with larger sample sizes ought to be conducted to assess the appropriate dosage and duration of budesonide.
Before the treatment is widely recommended, more well-designed RCTs with larger sample sizes and longer
follow-up ought to be conducted to assess the appropriate dosage and duration of budesonide, as well as
long-term safety of airway delivery of budesonide.
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