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Abstract

Rationale: Aerosolized albuterol is widely used, but its safety and efficacy in infants with severe bronchopulmonary dysplasia
(sBPD) is not well established. Objectives: To compare the tolerability and efficacy of two dose levels of aerosolized albuterol
to saline placebo in infants with sBPD. Methods: Single-center, multiple-crossover trial in 24 ventilated very preterm infants
with sBPD. Albuterol (1.25mg, 2.5mg) and 3ml of normal saline were administered every 4 hours during separate 24-hour
treatment periods assigned in random order with a 6-hour washout phase between periods. The primary outcome was the
absolute change (post–pre therapy) in expiratory flow at 75% of exhalation (EF75). Secondary endpoints were changes in
ventilator parameters, vital signs, and heart arrhythmia. Results: Average within subject EF75 values improved with each
therapy: saline placebo (+0.45L/min ? 2.5, p=0.04), 1.25mg of albuterol (+0.70L/min ? 2.4, p<0.001), and 2.5mg of albuterol
(+0.38L/min ? 2.4, p=0.06). However, 1.25mg of albuterol (0.26L/min; 95% CI -0.19, 0.72) and 2.5mg (-0.10L/min; 95% CI
-0.77, 0.57) produced similar changes in EF75 when compared to saline. All secondary outcomes were similar between saline
and 1.25mg of albuterol. Peak inspiratory pressure needed to deliver goal tidal volumes (7.5% relative decrease, 95% CI 2.6,
12.3) and heart rate (6.5% increase, 95% CI 2.2, 10.8) differed significantly between albuterol 2.5mg and saline. Conclusion:
Albuterol at 1.25mg and 2.5mg, compared to aerosolized saline, did not affect EF75 in infants with sBPD receiving invasive
ventilation. Greater improvement in inspiratory pressures with albuterol 2.5mg suggests benefit, but close heart monitoring is
indicated.

Introduction

Bronchopulmonary dysplasia (BPD) is a frequent complication of prematurity manifested by heterogenous
clinical phenotypes and incompletely characterized pathophysiology1,2. One proposed component of dis-
ease pathophysiology in established BPD is hyperresponsiveness of the airway smooth muscle3-5. As such,
bronchodilators may have therapeutic benefit in some patients6.

Aerosolized albuterol is the most commonly used bronchodilator in infants with severe bronchopulmonary
dysplasia (sBPD). As many as one-third of infants with sBPD receive this medication during their
hospitalization7-11. Despite these high rates of use, however, there is a paucity of published data on the
safety and efficacy of albuterol in this population. While a small number of studies has examined the effi-
cacy of bronchodilator use for the prevention of BPD, the most recent Cochrane review did not identify any
suitable randomized trials on its use in infants with established BPD12. Albuterol is also not approved by
the US Food and Drug Administration for use in children under 2 years of age.

With the high, ongoing use of albuterol in infants with sBPD, one immediate concern is identifying an
appropriate dose for administration and future study in this population. We undertook the present study
to evaluate the short-term tolerability and efficacy of two different doses of aerosolized albuterol (1.25 mg
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and 2.5 mg) in very preterm infants with sBPD receiving invasive mechanical ventilation. We conducted
a single-center, multiple cross-over, blinded randomized trial using aerosolized normal saline as a placebo
control.

Materials and Methods

Study Patients

Eligible infants were born with gestational ages less than 32 weeks, were diagnosed with sBPD at 36 weeks
postmenstrual age (PMA) according to the 2001 NIH consensus definition3, and were receiving invasive
mechanical ventilation at the time of enrollment. Infants were excluded if they were diagnosed with unilateral
lung disease, had an endotracheal tube leak >10%, had prior cardiac arrhythmia, concurrent pulmonary or
systemic infection, or were actively treated with high frequency ventilation (HFV), inhaled anticholinergic
therapy, or other medication with brochodilatory characteristics (i.e. magnesium sulfate, ketamine, etc.).

Although specific ventilator settings were not mandated for this trial, all subjects were ventilated in a Volume
Controlled-Synchronized Intermittent Mandatory Ventilation/Pressure Support (VC-SIMV + PSV) mode
with AutoFlow® via the Evita®Infinity® V500 Ventilator (Dräger®, Lűbeck, Germany). Our institution
utilizes a common strategy for conventional mechanical ventilation within our Chronic Lung Disease Program,
involving SIMV-VC/PS with AutoFlow®, tidal volumes of 8-12 mL/kg, PEEP titrated to generate adequate
aeration on chest radiograph and minimize patient ventilator asynchrony, and inspiratory time specific to
individual patient needs in accordance with analysis of flow-time scalar tracings.

Study Design and Setting

This interventional, single-center, blinded, placebo-controlled, multiple-crossover randomized trial was de-
signed to examine the short-term tolerability and efficacy of two different doses of aerosolized albuterol:
1.25 mg and 2.5 mg. Aerosolized normal saline was used as the placebo control. The trial was conducted in
the Neonatal and Infant Intensive Care Unit (N/IICU) at the Children’s Hospital of Philadelphia (CHOP)
between August 2016 and June 2018. The CHOP N/IICU is a quaternary referral center that primarily cares
for outborn infants who require higher levels of intensive care. This study was approved by the Institutional
Review Board at CHOP. Parental informed consent was obtained for all enrolled infants.

Intervention, Allocation, and Blinding

Each aerosolized therapy (albuterol 1.25 mg, albuterol 2.5 mg, and 3mL saline placebo) was administered
every 4 hours for up to a total of 6 doses during separate 24-hour treatment periods. A 6-hour washout
phase was utilized after each 24-hour treatment period before initiating the subsequent trial therapy. A 6-
hour monitoring period was used following the final treatment at the end of each infant’s trial. The placebo
and study drugs were administered in-line to the ventilator circuitry via the Aeroneb® Pro vibrating mesh
nebulizer (Aerogen®, Galway, Ireland) placed on the inspiratory limb on the dry side of the humidifier, as
is the standard practice in our institution.

The order of the three 24-hours treatment periods was randomly assigned in each infant. Briefly, each study
participant was assigned to 1 of 6 possible treatment sequences using block randomization (block sizes of 6)
in a 1:1 ratio. The randomization sequence was generated using the “ralloc” function in Stata version 13.1. All
study randomization and drug preparation procedures were performed by CHOP Investigational Pharmacy
to maintain blinding of the study investigators, clinicians, and families. Each study medication dose and
saline placebo was drawn up in a 3ml syringe to an equivalent final volume. The two albuterol doses and
saline placebo were not visually distinguishable. All six doses administered during a treatment period were
delivered to the participant’s bedside in a brown, light protected bag labeled with the appropriate treatment
order number (1, 2, or 3).

Outcomes

All outcome parameters were measures/recorded prior to administration and 30 minutes after completion of
each dose of medication. The primary study outcome was the absolute difference in expiratory flow at 75%
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of exhalation (EF75), measured directly from the ventilator flow volume loops (Figure 1) 30 minutes post
study medication administration compared to immediately prior to administration (post – pre treatment).
Measurement of EF75 was accomplished by calculating the exhaled volume at 25% of the breath (tidal
volume x 0.25) and then recording flow at this point on the expiratory side of the flow volume loop (Figure
1). Measurement of EF75 has not been used in prior studies with mechanically ventilated neonates and was
chosen as a measurement that would not require specialized equipment or the need to alter the mechanical
ventilator mode or settings to perform measurements. Although the measurement was not performed under
conditions of forced exhalation, we reasoned that the measurement would be made over the effort-independent
portion of the flow-volume curve, especially in a population of patients with obstructive lung disease. With
the administration of a bronchodilator, we anticipated that the EF75 would become higher with small airway
dilation.

Secondary outcomes were the proportional change in peak inspiratory pressure (PIP) required to deliver
the participant’s set tidal volume, minute ventilation, total respiratory rate, blood oxygen saturation level
(SpO2), heart rate (HR), and the occurrence of any abnormal heart rhythm pre- and post- treatment.

Sample Size Estimation

To estimate the trial sample size, EF75 values were measured pre- and post- treatment in seven patients
clinically prescribed albuterol who otherwise met study inclusion criteria. We observed a mean absolute
change in EF75 of 1.3L/min ± 0.8 and powered the trial using a conservative target of approximately half
that value, 0.6L/min. Sample size estimations were performed in a two-step process. We first calculated the
necessary number of participants using a paired t-test for two correlated means. Based on an alpha of 0.05
and correlation of 0.5, a sample size of at least 21 infants provided [?]90% power to detect a mean difference
of 0.6ml/min +-0.8 using a baseline EF75 mean of 2.6L/min and a post-treatment mean of 3.2L/min. We
then used simulation with 200 replications to model the necessary number of subjects for a generalized linear
model based on an estimated correlation of 0.5 between each of the mean EF75 values for the 3 treatment
doses. Based on this calculation, a sample size of between 24 and 25 subjects provided approximately 80%
power to detect a mean difference of 0.6L/min between the 3 treatment doses. A sample size of 24 patients
was selected to ensure equal representation of the 6 possible treatment ordering schemes.

Statistical Analysis

Patient demographic and baseline clinical data were summarized with standard descriptive statistics. All
continuous study outcome data were summarized using means (+-SD). Post- vs pre-treatment measurements
for each drug therapy were compared using paired t-tests. Linear mixed effects models were then used to
compare outcome data between the albuterol dose levels and saline placebo. Each model included fixed effects
indicator variables for the treatment period (1-3) and within period treatment dose (1-6) to account for any
potential temporal effects on the outcome measurements. A random effect (random intercept) for the study
participant, robust standard errors, and an unstructured covariance matrix were used in all models. Rates
of occurrence for categorical tolerability outcomes were calculated. All statistical analyses were performed
using STATA/SE 15.1 (StataCorp, College Station, TX).

Results

Twenty-four infants were enrolled and randomized to receive the 3 study therapies ordered as shown in Figure
2. Two subjects were withdrawn from the trial prior to completing all 3 drugs owing to the development
of an exclusion criterion after the trial started (development of airway leak >10% and need for HFV). All
available study data were used in the analyses. Demographic information for all enrolled subjects is shown
in Table 1.

Comparison of Outcome Measures Pre- and Post-Treatment

Mean values for the study outcome measures recorded immediately prior to the study drug treatment and
30 minutes after treatment completion are summarized in Table 2. Average EF75 values improved with all
study therapies, with statistically significant differences observed for saline placebo (3.9L/min +- 2.0 vs.
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4.4L/min +- 2.4, p=0.04) and 1.25mg of albuterol (3.8L/min +- 1.7 vs. 4.5L/min +- 2.2, p<0.001). The
differences for 2.5mg of albuterol approached but did fulfill the cutoff for significance (3.9L/min +- 1.9 vs.
4.2L/min +- 2.1, p=0.06). Among the secondary study outcomes, both dose levels of albuterol led to modest
but statistically significant reduction in peak inspiratory pressure and increase in minute ventilation but were
also associated with a small rise in average heart rate (Table 2). Of the 414 administered drug doses, 31
were associated with a greater than 20% post-treatment increase in heart rate. Stratified by drug therapy,
14% (19/132) of administered 2.5mg doses of albuterol were followed by a >20% rise in heart rate compared
with 6% (8/144) of 1.25mg albuterol doses and 3% (4/138) of aerosolized saline treatments (p=0.001 for
3-way chi square comparison). All heart rate changes were self-limited and did not necessitate subsequent
discontinuation of study drug therapy.

Effects of Albuterol Compared to Saline Placebo

When comparing albuterol to aerosolized saline, neither albuterol dose level significantly increased or de-
creased average post-therapy EF75 measurements beyond the effects observed for saline placebo (Table 3).
The average adjusted differences for the absolute change in EF75 (post - pre-treatment), relative to the
level of change with aerosolized saline, were 0.26L/min (95% CI -0.19, 0.72) for 1.25mg of albuterol and
-0.10L/min (95% CI -0.77, 0.57) for 2.5mg of albuterol. Similar results were observed when evaluating the
proportional change in EF75 [(post-pre)/pre] (Table 3). The 2.5mg of dose of albuterol produced, on average,
a 7.5% (95% CI 2.6-12.3) greater reduction in the peak inspiratory pressure required to deliver the infants’
goal tidal volumes. However, this dose also led on average to 6.5% (95% CI 2.2-10.8) greater post-treatment
increase in heart rate when compared to aerosolized saline (Table 3).

Discussion

The objective of this trial was to compare the short-term tolerability and efficacy of two different dose
levels of aerosolized albuterol to aerosolized saline placebo in very preterm infants with sBPD receiving
invasive mechanical ventilation. Relative to pre-treatment values, albuterol and saline produced significant
improvements in EF75. Both dose levels of albuterol also led to modest but significant average post-treatment
reductions in peak inspiratory pressure and improvements in minute ventilation. However, when using linear
mixed effects models to compare the relative change in outcome measures between albuterol and aerosolized
saline, there was no evidence of net benefit or harm with either albuterol dose level for the primary outcome of
EF75. The 2.5mg dose of albuterol was more effective than saline placebo for the outcome of post-treatment
peak inspiratory pressure, but with a small average net increase in heart rate. Collectively, these trial data
suggest that aerosolized albuterol and saline can positively affect respiratory dynamics in ventilated very
preterm infants with sBPD. A 2.5mg dose of albuterol may provide a modest respiratory advantage over the
other two studied therapies, but clinicians should monitor changes in heart rate if administering this dose.

To our knowledge, this is the first randomized, placebo controlled trial to evaluate aerosolized bronchodilator
therapy for the treatment of established sBPD.

Prior trials have examined inhaled bronchodilators in ventilated preterm infants at high risk of develop-
ing BPD13-18. Although most of these studies used an alternative drug therapy or compared the efficacy
of different delivery devices rather than a placebo control, they collectively show post-treatment improve-
ments in respiratory mechanics and oxygenation with inhaled bronchodilator therapy in ventilated preterm
infants13-18. More recently, several observational studies have examined the use of aerosolized albuterol in
preterm infants with evolving or established sBPD5,9,10,19. In a retrospective analysis of pulmonary function
testing (PFT) data, Morrow et al. assessed the response to bronchodilator therapy in infants with evolving
BPD using a single breath occlusion technique19. Fifty-two percent of infants studied had a reduction in
respiratory system resistance of 10% or greater, 13% had a compliance reduction of <10%, while 35% had no
apparent response to bronchodilator administration19. There were no significant differences in respiratory
system compliance measurements for any infants19. Shepherd et al. also observed heterogeneity in the bron-
chodilator responsiveness in a retrospective cohort of infants with established sBPD, noting greater efficacy
associated with predominately obstructive rather than restrictive lung disease9. Potentially consistent with
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the findings of Morrow et al, our observation of a post-treatment reduction in PIP may be the result of a
reduction in pulmonary resistance with aerosolized bronchodilator therapy.

We chose expiratory flow at 75% of the exhaled volume as the primary means to assess bronchodilator
responsiveness in this study population. We hypothesized that relaxation of airway smooth muscle would
increase expiratory flow from 0 – 75% of the tidal volume and produce a net increase in EF75 indicating a
positive bronchodilatory effect. As a secondary outcome, we examined changes in peak inspiratory pressure.
Since we did not change ventilator settings after aerosol administration, we propose that peak inspiratory
pressure during volume guarantee ventilation is a reasonable surrogate measure of changes in airway re-
sistance. Of note, previous studies have used alternative methods to assess bronchodilator responsiveness
in infants and children13,20-22. However, these methods require manipulation and/or interruption of the
ventilators settings and pattern intern potentially changing the pulmonary mechanics from those of the pri-
mary ventilator strategy. Measurement of tidal mechanics using ventilator output signals requires a change
in ventilator support to constant flow without pressure regulation, and imposition of an inspiratory hold
in a passively ventilated patient21,22. Other available methods require the use of specialized equipment to
perform brief occlusions13,20. We purposely chose a measure that not need specialized equipment or require
a change to the patients’ mechanical ventilation settings. This enabled us to use an outcome measure that
could be easily reproduced in any NICU regardless of research resources (equipment or personnel) and would
not require multiple disconnections of the ventilator circuitry which are typically not well tolerated in this
patient population.

The lack of an apparent benefit of albuterol relative to saline placebo for our primary outcome of EF75 may
be the result of a positive treatment effect of normal saline. Prior studies have shown benefit with aerosolized
saline in conditions such as chronic obstructive pulmonary disease and bronchiolitis23,24. Aerosolized saline
may increase hydration of the mucocillary bed, improve ciliary function and mucous clearance, and thereby
decrease airway resistance25,26. The observed improvements in EF75 after nebulized saline suggest airway
surface dehydration and resultant ciliary dysfunction could exist in the sBDP population. Despite a potential
treatment effect, however, our use of normal saline a placebo is consistent with multiple other randomized
controlled trials of bronchodilators24. Moreover, normal saline is present in albuterol solutions used for
nebulization. Thus, our use of normal saline simply removed the active drug from the nebulized solution.
An alternative study design could employ a sham treatment without an actual placebo. This may overcome
the apparent treatment effects of aerosolized saline, but could negatively impact the masking of clinicians
and investigators to the assigned therapy.

Traditionally at our facility, the dose of nebulized medications is selected according to patient weight. How-
ever, this practice contradicts to the results of aerosolization studies, which show that alveolar drug delivery
depends on breathing patterns and is largely independent of patient weight27-29. High respiratory rates and
small tidal volumes effect deposition because less of the medication is drawn into the lungs and the change in
respiratory pattern as children age into adults results in greater deposition of medication27-29. This change
in pattern of deposition results in self-regulation of dose as breathing pattern changes. Additionally, we
commonly administer aerosolized medications through an artificial airway during mechanical ventilation. In
vitro studies of this route of administration show that only 12% - 14% of the total drug dose is delivered to
the distal airways under these conditions30,31.

There are several limitations to this study. First, this was a single center trial and may not be generalizable
to populations in other centers. Although the number of enrolled infants was selected by an a priori sample
size estimation, the overall number of participants was relatively small and larger studies are needed to
confirm the study findings. Lastly, the primary outcome utilized in this trial is not an established indicator
of bronchodilator response in mechanically ventilated infants, but our secondary outcomes, including mea-
surement of PIP, have been used in prior studies of bronchodilator responsiveness in mechanically ventilated
subjects20,33,34.
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Conclusion

Relative to measured pre-treatment values, aerosolized albuterol and saline produced post-treatment im-
provements in the primary study outcome of EF75 in preterm infants with sBPD receiving invasive mechan-
ical ventilation. However, albuterol administered at 1.25 mg or 2.5 mg did not significantly improve EF75
when compared to saline placebo. Relative to saline placebo, albuterol at a dose of 2.5 mg did result in a
modest decrease in the PIP required to deliver the set tidal volume, suggesting a possible benefit for reducing
airway resistance. Notably, some infants experienced self-limited increases in heart rate after administration
of this higher dose suggesting close monitoring of vital signs is indicated.
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